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Summary
Applying the relaying concept to a Code Division Multiple Access (CDMA) mobile 
network is not a new idea, and many such systems employing relaying capabilities have 
been suggested. An obstacle to their evaluation with respect to capacity and cover­
age gains over the conventional non-relaying networks has been the inapplicability of 
the existent path loss models for low height terminal communications. Herein, empir­
ical propagation models for relaying systems with low height terminals are proposed. 
The new models consist of line-of-sight and non-line-of-siglit branches, and they take 
into account the effect of transmitter and receiver height, citing and environmental 
parameters. They are also complemented by shadowing and fast-fading distribution 
and correlation statistics. The models are evaluated by their performance in accurate 
estimations of other sets of measurement data.
Before the derived models are applied in an analytical and a simulation model, the thesis 
continues with a discussion on the distributed power control function and frequency al­
location schemes in a multihop Universal Mobile Telecommunications System (UMTS), 
deployed in a Manhattan grid. This is in order to derive closed-form expressions, for 
selected frequency schemes, for the minimum transmit powers which satisfy the link 
quality criteria. The propagation models are then employed in these expressions to 
evaluate the system performance by both simulation and analysis and improvement by 
employing relays is shown.
A dynamic system-level simulation, which was utilised to perform further analysis, 
is then presented. The measurement-based path loss, fading and shadowing models, 
derived from the previous chapters are employed. Both uplink and downlink operations 
of the cellular system are considered at the same time. The simulation outcomes showed 
that the transmit power savings and coverage and capacity gains are in agreement 
with the expected analytical results, but dependent on the frequency scheme, relaying, 
antenna directivity gains and other assumed parameters.
K ey  words: path loss, low height terminals, LOS, NLOS, shadowing, fading, relaying, 
multihop, UMTS, cellular, urban, Manhattan grid,
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Chapter
Introduction
The reliability and multiple functionalities of mobile devices have been the main rea­
sons for the great penetration of mobile communication in the population. This trend is 
expected to further continue [Wra05]. The mobile network features a backbone infras­
tructure at which each Base Station (BS) is connected. Another type of network that 
establishes the connections in an ad hoc fashion has also developed outside of the realm 
of mobile communications [TohOl]. As the number of subscribers and their demands in 
services rise, the mobile systems are confronted with the underlying medium capacity- 
and coverage-limits. The capacity-limitation is reached when the cell is overloaded with 
traffic, whereas the coverage is relevant to heavy shadowing dead-zones and regions at 
the cell-edge where the path loss is prohibitive. The multihop or relaying technology is 
thought as an alleviating technique to subdue the severity of these restrictions.
Relaying functions by splitting the communication path into several shorter trans­
missions, additively require lower power compared to the direct path, because of the 
propagation-loss non-linear response [LH07]. Consequently, the receiver interference- 
margin is reduced, which in interference-limited Code Division Multiple Access (CDMA)- 
based networks, is promising to enhance system capacity [RH06]. Relaying traffic from 
a congested cell to a neighbouring non-congested cell, or routing calls within the same- 
or neighbouring-cells in a Peer-To-Peer (P2P) fashion, are also envisioned [WQDT01]. 
These new connection types will off-load the cells, and disengage the scarce network- 
resources. Furthermore, multihop connectivity is a promising technique for “resurrect­
1
2 Chapter 1. Introduction
ing” coverage dead-zones caused by obstructions, by “steering” the transmission-path 
around them.
Relaying-equipment may be strategically-deployed by radio-planners in fixed-locations 
and may feature limited mobility, however, the User Equipment (UE) hand-held devices 
may also by employed as mobile relays. Fixed and mobile relaying solutions feature 
different advantages. These are dependent on the technology (e.g. antenna directivity 
gain, relaying cooperativity, resource allocation, etc.), constraints (e.g. interference 
cancellation, noise figure, etc.), cost (e.g. equipment, administration, rewarding scheme, 
etc.), user density, security, routing complexity, propagation environment, etc.
The performance of such systems is dependent on the above parameters and this the­
sis investigates the effect of several of them. However, in order to perform a mean­
ingful investigation, it has been well-accepted that the use of accurate propagation 
models between the Relay Station (RS) and Mobile Station (MS) is of greatest impor­
tance [IST03a]. This is because the propagation environment is a factor which has a 
dramatic effect on the multihop viability as a potential future network enhancement. 
The path loss estimation is an important parameter for successful radio planning of 
mobile networks, especially for choosing the most appropriate relay positions. It has 
been established that a correct evaluation of a relaying system performance requires 
a suitable propagation model and hence studying the propagation model effect is the 
motivating force for this research.
The literature offers several signal power-level prediction-techniques to estimate the 
local average value, slow fading and time-dispersion parameters. The time-dispersion 
parameters are not significant to network development and are not considered. Among 
the various path loss models, the least costly and more computationally-efficient to use 
are the measurement based or empirical, thus are the preferable choice for research and 
industrial applications. However, there is a lack of measurement data and propagation 
models which cover the system parameter-ranges that relaying mobile networks will 
be operating in: frequency, separation distance and terminal-height ranges, and envi­
ronments. Extrapolation in the parameter ranges is generally avoided in statistically 
derived propagation models, as their tuning is based on a number of observations that
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does not cover all possible scenarios.
Consolidating the problem, in order to perform a quality analysis of the relaying ap­
plicability and to quantify its benefits of its employment, a suitable path loss model is 
required. This need led the author to design and implement the Measurement Cam­
paign A (MCA), conducted in a single frequency, in order to derive new path loss 
formulas, applicable to low-height multihop systems. The data of the Measurement 
Campaign B (MCB) were also used to explore the effect of the frequency and to re­
search in greater separation distances from the transmitting source. The Measurement 
Campaign C (MCC) was also designed and conducted, so as to verify if antenna-gain 
correction-factors were required for the MCA.
After having derived path loss expressions valid for use in low-height terminal multihop 
networks, the research was focused on employing them, so as to perform analytical and 
numerical estimations for these networks. In order to perform these estimations, perti­
nent system aspects with regards to frequency allocation and routing algorithms had to 
be examined. Several system assumption, which were found to have an important ef­
fect on the relaying performance demanded establishment. Based on these foundations, 
multihop was tried in a Universal Mobile Telecommunications System (UMTS) network 
and its benefits was evaluated. For maximum realism a dynamic system-level simula­
tion, which modelled a multihop UMTS, was implemented using the insight acquired 
from the analysis and the derived propagation models.
1.1 Thesis Structure
Chapter 2 provides a presentation of the most recent and widely-used path-loss models 
which are often used as a reference point throughout the thesis1. The gap in litera­
ture for low-height terminal communication, is identified. A brief introduction to the 
propagation channel is also supplied. The same chapter also provides an extensive pre­
sentation of the state of the art in multihop mobile networks. Due to the quantity of the
1 Shadowing and fast fading models are not presented in the introduction, due to them being tradi­
tionally expressed by well-known statistical distributions. The distributions’ coefficients are provided 
in Chapter 5.
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published literature works and the thesis subject of study, the state of the art section is 
biased towards the CDMA-based systems. A basic introduction to the medium access 
schemes, inclusive of the CDMA, is also given.
Chapter 3 takes over and aims at familiarising the reader with the conducted measure­
ment campaigns’ equipment and processes. Extensive details about the studied envi­
ronments, recording procedure, and purposes of each measurement campaign are also 
discussed. The data pre-processing section is then analysing many important aspects, 
which require attention, so as to extract valid data-points as input to the follow-up 
regression-analyses.
Chapter 4 presents the regression analysis results for various identified data-sets. The 
measurement data from MCA and MCB are treated independently, thus creating vari­
ous path loss expressions and branches. The models’ performance in then evaluated in 
terms of accuracy of predictions.
Shadowing, fast fading, and autocorrelation statistics are carried out in Chapter 5. De­
scriptive statistics (average, standard deviation, etc.), distribution fitting and regression 
analysis (variation of the average and of the standard deviation with the distance, en­
vironment, etc.) are performed. The effect of the unfavourable antenna position is then 
discussed. The chapter finishes with an application of the produced models in UMTS 
radio-planning.
Chapter 6  examines the formulation of the system transmit powers in closed-form 
expressions. Firstly, the system assumptions are analysed and the conventional UMTS 
power solution is provided. Then, the applicability of relaying on the described UMTS 
network is examined, and the optimum relay position is sought analytically. Various 
different frequency allocation schemes are identified and the power solution is derived 
for the selected schemes. The chapter finishes with a comparison between the allocation 
schemes and with the validation of the proposed closed-form expressions.
Chapter 7 aims to analyse the performance of a relay-enhanced UMTS in an urban 
environment using multiple hops on multiple frequency bands. It utilises findings from 
Chapter 4 (measurement-based mean path loss), Chapter 5 (shadowing models) and 
Chapter 6  (relay positions in the Manhattan grid, allocation schemes). Both UpLink
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(UL) and DownLink (DL) operations of the mobile network are considered, at the same 
time, through a system-level simulation tool. Two-hop communication links over the 
UL and DL are operated at four non-overlapping spectrum bands in order to minimise 
interference. The effect of relaying, on several system performance indicators, is dis­
cussed. The chapter finishes with a flow chart and a block diagram of the system-level 
simulation to facilitate its apprehension.
Chapter 8  draws the thesis conclusions and suggests identified areas and ideas for future 
work.
1.2 List of Major Original Achievements
Each chapter is supplied with a respective summary and conclusions section, However, 
a list of major novel achievements, several of which have been externally recognised 
(see Section 1.3), is compiled and presented herein in order of appearance in the main 
text:
1 . A gap in empirical path loss models is identified in the literature (see Section 2.2) 
and three measurement campaigns are designed and carried-out with the aim to 
accumulate data for a new path loss model. The design is focused to relaying 
systems’ propagation environment and thus, the various parameters are selected 
accordingly: campaign recording areas, frequencies, and antenna heights. Espe­
cially for the recording areas’ selection, statistics are used to define and classify 
the environments of interest. The effect of the recording vehicle existence on 
the recorded received-power values is studied, in a specifically-designed measure­
ment campaign. The recorded data in all campaigns are: the received power at 
a given measurement location, the point of this location in a coordinate system, 
the transmitter output power, and the transmitter location on the same system.
2. An artificial channel which uses synthetic data is created and utilised to propose 
the suitable weighting function for the measurement-data regression-analysis; see 
Section 3.8.5.
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3. A new software tool is coded, which makes extensive use of a Geographic Informa­
tion System (GIS) database, and suggests corrections to the recorded data-point 
locations. A novel software regression analysis algorithm, able to adapt the re­
gression process with respect to maximising accuracy of results is coded. The 
adaptive coding is able to select from a wide variety of predictor terms, weighting 
functions, and features linear and non-linear regression-techniques. The MAT- 
LAB computer language was employed for the creation of this tool.
4. A new path loss model is proposed for each method (linear, non-linear), measure­
ment campaign, and model-type (single-, two-slope). A discussion on different 
methods for two-slope model regression is also provided.
5. Each proposed model is compared to the literature. Comparisons, however, 
among themselves are also conducted.
6 . The shadowing and fast fading statistics (standard deviation and distribution) 
of the two measurement campaigns are performed and new values are proposed 
for the low-height terminal-communication path. Separate statistics are derived 
for urban and suburban environments. The shadowing is, similarly to the mean 
path loss estimation, studied in each campaign independently, but comparable 
outcomes are found. The auto-correlation property of the shadowing is examined, 
and new de-correlation distances are proposed. The effect of separation distance, 
environment, and frequency on the shadowing and fast fading statistics are also 
studied.
7. An application which makes use of the developed models is proposed for a sim­
ple examination of the multihop UMTS UL coverage-extension evaluation; see 
Section 5.5.
8 . Different frequency allocation schemes for multihop UMTS are identified. Two 
promising schemes are compared with respect to their power savings, under op­
timum relay positioning, which is found by an exhaustive search.
9. The linear set of equations which define the system powers, are derived separately 
for the Non-Relaying (NR) and the relaying UMTS, for two frequency allocation
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schemes. The transmit power solution, derived from the suggested closed-form 
expressions, are compared to those provided by the application of an iterative 
Power Control (PC) algorithm, running in computer simulation. The derived 
analytical expressions are employed to evaluate the relaying system performance. 
Directional antennas with varying antenna gains are considered, and the effect of 
this variation, on the optimum relay position, is studied.
10. It is exhibited that under the studied assumptions (path loss models, frequency 
allocation schemes, relay positioning, etc.) multihop2  connectivity enhancement 
is capable of reducing UMTS transmit powers. The system with relays is shown 
to achieve a higher maximum load-factor, as compared to the system with no 
relaying option.
11. Modifications to the PC, and user-mobility and propagation models are proposed. 
The Obstructed Line-Of-Sight (OLOS) regime is suggested, so as to alter the 
line-of-sight probability, towards the expected values, which were derived from 
examination of the recorded data-points Line-Of-Sight (LOS) attribute over dif­
ferent separation distances. A relaying applicability study based on the proposed 
parameters is performed and comparisons with the respective analytical study 
are carried out.
12. A new dynamic system-level simulation was developed to analyse the Wideband 
Code Division Multiple Access (W -CDM A)/ Frequency Division Duplex (FDD) 
UL, designed to bear the characteristics and models of all the previous findings. 
Four frequency-carriers are modelled independently. The major routing metrics 
are tested in the urban cell: distance, path loss, and Signal to Interference-plus- 
Noise Ratio (SINR). A novel metric quantity, considering jointly the transmit 
power and achieved SINR, is proposed. A novel algorithm is proposed for resolv­
ing the conflict of multiple MS opting to relay via the same RS. The MATLAB 
computer language was employed for the creation of this simulation.
13. The statistical analysis of the simulation show that the UMTS may benefit from 
multihop connectivity. The benefit is in the form of reduced transmit powers,
2 The terms multihop and relaying are used interchangeably throughout this thesis.
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in the case where the system is not fully loaded, and can also lead to increased 
capacity, for intensive loading.
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Chapter
State of the Art
This chapter provides a brief background on the basic concepts that are discussed in this 
thesis and on the published literature on the fields of empirical propagation models and 
multihop mobile networks. Firstly, the radio channel mean path loss, shadowing and 
fast fading concepts are introduced. On the issue of isolating the mean path loss from 
the slow- and fast-fading channel variations, two sampling criteria are discussed. Then, 
several non-time-dispersive propagation-models that are widely-used by academia and 
industry are presented. These models are expressed by single- and two-slope formulas. 
Only the relevant branches, to low-lieight communication, are presented, since one of 
the thesis’ primary targets is to derive a model suitable for this height level. The 
formulas’ coefficients are “aligned” in the same units, for ease of comparison among 
themselves and with the proposed models from this thesis. The presented models are 
shown not to extend to very low heights, respective to the ground. In this respect, it is 
felt that they may be inappropriate to deal with the complex propagation conditions 
of very near to the ground environments.
This chapter continues with a brief background to medium access schemes, duplex 
communication techniques and the multihop concept. The mobile network that is 
under examination in the thesis is the Wideband Code Division Multiple Access (W- 
CDMA)/Frequency Division Duplex (FDD), enhanced with multihop capabilities. A 
list of promising technical advantages and potential tradeoffs of employing relaying in a 
mobile network are presented. Non-technical issues are also stated. The terms relaying
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and multihop are used interchangeably throughout the thesis.
The chapter continues with a presentation of several multihop mobile network and pro­
tocol proposals. In each proposed system, the issue of channel assignment and routing 
is analysed and discussed. After the mobile network architectures and protocols’ lit­
erature proposals, the presentation continues with works on evaluating the multihop 
gains, especially the multihop system capacity. Several routing algorithms and radio 
resource allocation schemes for the different hops have been proposed by many re­
searchers for multihop mobile networks, and are cited herein. The chapter finishes with 
a brief presentation of the research work on Power Control (PC) for multihop mobile 
networks.
2.1 Mean Path Loss, Shadowing, and Fast Fading Chan­
nel
This section provides some background on basic concepts which are useful when con­
ducting measurement campaigns to acquire knowledge about the link channel between 
the transmitter and receiver antennas. For campaigns conducted in real environments 
(not in the anechoic chamber) the transmitted signal is reflected by the surrounding 
buildings, hills or other obstacles between the communication pair. The result is that, 
at the terminal, the received signal is a composite of multiple signals, that travelled 
through different routes and have variable time delays. The various received signal 
copies at the receiver terminal also face a drift in frequency, due to the Doppler effect.
Focusing on mobile networks radio links, the mechanisms of the electromagnetic wave 
propagation can be broadly attributed to: reflection, diffraction and scattering. The 
wave power is reduced with a greater communication pair separation distance. Fur­
thermore, due to the multiple propagation routes, the waves reach the receiver antenna 
having travelled different distances. The superposition of the multiple waves causes the 
effect of multipath fading.
For a given separation distance, the mean channel path loss can be calculated, so that 
it is variable with respect to time. However, the mean path loss is dependent on other
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parameters which affect the link: separation distance from the transmitting source, 
transceiver antenna height and placement, carrier frequency, environment between the 
terminal antennas, Line-Of-Sight (LOS) existence, etc. In areal environment, the above 
parameters may change with respect to time, so that the mean path loss assumes an 
implicit time-dependence.
The variations of the mobile channel from the mean path loss are caused by two types 
of fading. These can be categorised by their origin:
1. The large-scale fading, also referred to as long-term, shadow fading or shadowing, 
is the path loss fluctuation of the local mean propagation loss. This is because 
even when the two radio terminals are situated at a given distance, there will be 
different propagation paths between them, due to the terrain configuration.
2. The small-scale fading, also referred to as short-term, fast fading, multi-path 
or simply fading, is the path loss fluctuation which originates from the various 
multipath waves which are generated by moving structures between the two radio 
terminals. The multipath received waves are added vectorially at the receiver 
terminal. The randomness in the wave phase angles leads to a highly variant 
suin-product. The fast fading is explicitly dependent with respect to time.
Depending on the scope of the measurements, to assess the mean path loss, shadowing, 
or fast-fading, different processes and data are required. To assess the mean path loss, 
the local average power is measured, and the received signal requires proper averaging 
treatment in order to coincide with the real local average power. Then, the mean path 
loss can be calculated through regression analysis of the data-points to path loss models. 
As regards to isolating the shadowing information from the fading and mean path loss, 
the concept is based on smoothing-out the fast-fading part, which is also performed in 
the mean path loss regression. The shadowing values are then the variation about the 
mean path loss. Finally, to assess the fast-fading, no averaging is required.
As already mentioned above, to assess the mean path loss, the recorded received-power 
data-points are required to be averaged properly before they are used in regression 
analyses. Hence the averaging sample length of the signal needs to be chosen appro­
priately. If a short averaging is selected, then the fast fading effect remains even after
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the averaging process. In contrast, a long length selection leads to averaging out useful 
information about the shadowing. The investigation of the sampling length is based 
on the estimating the average of uncorrelated samples and comparing the estimated- 
to the population-average.
The requirement of uncorrelated samples in the above process imposes compliment 
with a certain sample spatial separation. The number of samples per wavelength A is 
therefore limited by the sampling criterion. In case of excess, correlated samples are 
acquired and the required sampling length, for estimating the average with the same 
confidence level, is altered.
There are two well-known sampling criteria:
1. The Lee sampling criterion [Lee8 6 ]. This criterion defines choosing 36 samples 
for 40A. The Lee criterion also defines how far the samples should be taken for 
uncorrelated sampling: at least 0.8A apart. On choosing 36 samples for 40A, 
the samples are 1.1 A apart one from the other. The Lee sampling criterion is 
applicable provided that fading is Rayleigh distributed. However, this procedure 
for estimating the local average is widely used as a standard method, independent 
of the channel fading distribution.
2. The Parsons sampling criterion [Par00]. It is based on the same analysis as 
the Lee criterion, however suggests a higher number of samples to assess the 
local average power, as a result of a more careful examination. The Parsons 
criterion distinguishes the linear and logarithmic receiver. It suggests that with 
a linear receiver, 85 samples over 33A are necessary for a 90% confidence level of 
the error between the estimated and real average being within ldB. The defined 
minimum spacing of samples to ensure that the samples are independent is 0.38A, 
leading to the aforementioned sampling length of 33A. When the receiver has a 
logarithmic character more samples are required to achieve the same ldB error 
at 90% confidence level.
The Lee sampling method of estimating a valid local average power of a signal in the 
mobile radio environment has become a standard technique. Even in circumstances
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where the Lee sampling is not applicable, it is still used, as this sampling hypothesis has 
become widely accepted. What is more, it provides a baseline that allows measurements 
to be compared.
However, it remains to be said that, the best counterbalance between having correlated 
data and smoothed information is a matter of judgement rather than hard fact. The 
optimum figure of samples per wavelength A should be most desirably surveyed after 
considering the measurements to be made and the effect of other factors that could 
have an impact on the numbers of samples needed [Gue03].
With respect to achieving isolation of the shadowing component from the recorded path 
loss values, there are various methods:
1. Co-centric rings averaging [SS99]: The campaign area is divided into co-centric 
circular rings, with the transmitter position placed in the centre. The shadow 
fading value of each measurement point is calculated as the difference between 
the recorded path loss and the constant mean path-loss assigned to each ring. The 
width of the rings should be considerably smaller compared to the distance from 
the transmitter. This is in order to be closer to the theoretical signal measurement 
being conducted along circular roads around the base station at different radii, 
as shown in Fig. 2.1.
2. Moving average filtering [WL02]: The campaign is not divided into co-centric 
rings, and the averaging is achieved by using other techniques, like the moving 
average filtering. The shadow fading values are then calculated as the differ­
ence between the recorded path loss and the local moving average. This method 
produces less crisp mean path loss than the co-centric rings technique.
3. Path loss formula substraction [RJK07]: The campaign is not divided into co- 
centric rings, and the average path loss value is given by the mean path loss 
model. The shadow fading values are then calculated as the difference between 
the recorded path loss and the mean path loss value as predicted by the proposed 
models. This method does not induce additional averaging process, but since it 
succeeds the path loss formulation, it carries the uncertainties and errors of the
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Tx
Figure 2.1: Desirable measurement routes along co-centric circular roads; Tx: trans­
mitter.
previous regression analyses.
This chapter continues with the presentation of the most well-accepted empirical non­
time-dispersive mean path loss models that are discussed later in this thesis. The 
most popular distribution- and curve-fits concerning the concepts of shadowing and 
fast fading, which were introduced earlier in this chapter, are presented in Chapter 5.
2.2 Review of Existing Radio Propagation Models
A radio propagation model is a mathematical formulation for the characterisation of 
the propagation mechanisms as a function of frequency, distance and other parameters. 
The models can be generally arranged into two categories: empirical or stochastic 
(also called statistical), and deterministic. Empirical models are developed based on 
data collection. The deterministic models are developed by using the physical laws 
of radio wave propagation so as to formulate analytically the received signal power. 
These models make use of a detailed terrain map of the propagation area, are more 
accurate than the statistical, but with a high computational expense. An example
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of a deterministic propagation model is the ray-tracing technique. Traditionally the 
deterministic models are used for indoor predictions, since the building architectural 
plans are usually available. Nevertheless, the deterministic models’ performance is 
heavily dependent on the detail level of these design plans. Contrariwise, empirical 
models are usually employed for macro- and micro-cell outdoor and indoor propagation 
predictions.
The empirical models can be either time-dispersive or non-time-dispersive. The differ­
ence between the two subcategories is due to the latter models not taking into consid­
eration the multi-path delay-spread of the channel.
Each individual radio channel runs across different paths and the variety of channel 
affecting parameters mean that there cannot exist a formulation of the propagation 
universally over every condition. Instead, the radio propagation should be studied 
over different parameter ranges. Comprehensive reviews of the propagation models for 
terrestrial wireless telecommunication systems are provided in [IY02, SZK+03, NNPOO].
This work focuses on developing a non-time-dispersive propagation channel model. 
Other well-accepted non-time-dispersive propagation models, having been developed 
by either the academia or the industry are presented in this section. These models will 
be the comparison candidates for this thesis’ proposed models.
Note that, in the presentation of the models that follows, only one specific model 
branch is provided, which is relevant to the parameter ranges studied in this thesis. 
Furthermore, in the models which feature a Non Line-Of-Sight (NLOS) branch path 
loss expression that consists of multiple paths, it is assumed that there is one right-angle 
corner and that the resulting two path distances are x\ and X2 ] see Fig. 2.2,
Note that, in all presented models, the involved heights and distances (h,d,x,  A) are 
expressed in metres, the carrier frequency (f c) in MHz, and the path loss estimations 
(L) in decibels.
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Figure 2.2: NLOS propagation along street canyons. MS: Mobile Station.
2.2.1 The ITU-R Models
The International Telecommunication Union -  Radiocommunications sector (ITU-R) 
is one of the three sectors of the International Telecommunication Union (ITU). Ra­
dio telecommunications are one of its responsibilities, more specifically, the frequency 
spectrum management at international level, and standards for telecommunications 
systems development, purporting to spectral efficiency. Among the ITU recommen­
dations, there is a propagation prediction method [IR], also found in [SS99], which is 
referred to in this thesis.
For the LOS branch, two slopes (single breakpoint) and two bounds are defined: the 
upper- and lower-bound. The lower-bound is given by:
2 0 1 og(d/xb) if d <  x b
401og(d/xb) if d > x b
(2 .1 )
and the upper-bound by:
251og(d/xb) if d <  Xb
401og(d/xb) if d >  Xb
(2 .2 )
where Lb =  20 log 87r^ R and xb ~  4hT^R/A.
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For the NLOS branch, a single slope model is recommended for the situation where 
both antennas are below rooftop level. The path loss is given as a superposition of 
diffracted and reflected waves at the corners of the street crossings (see Fig. 2.2), and 
is given by:
L nlos -  1 0  log ( lo w ™  +  io Ld/io^ (2 .3 )
where Lr — 2 0 1 og(4 7 r/A) +  201og(a;i +  £ 2 ) — Q.12f>x\x<i/w2 is the reflection path loss, 
Ld =  —20 +  2 0 1 og(4 7 r/A) +  1 0 1 og(a;ia:2 (a:i +  £ 2 )) +  ^  (arctan(a;i/u;) +  arctan^A a)) 
is the diffraction path loss, w is the street width, rci and are the distances of the 
transmitter and the receiver to the street crossing, respectively, and the corner angle 
is assumed to be right; see Fig. 2.2. The width of the streets w are considered equal. 
ITU-R recommends usage of the effective road height ho — 2.7m (high traffic value), 
instead of the actual road height (which is at Om), so as to compensate for the existence 
of street furniture and parked vehicles in the propagation environment.
The scope of the parameters is: 20 < d <  5000m, 4 < hr  <  50m, 1 < hR < 3m,
800 < / c <  2000MHz.
2.2.2 The COST231-Hata
The most widely accepted empirical propagation loss model, even though is a macro­
cell, is the Hata model, which is based on the measurements of Okumura. The extended 
version of the Hata-model for a wider range of frequencies, the COST231-Hata [COSa], 
suggested by the COperation europeenne dans le domaine de la recherche Scientifique 
et Technique (COST), is useful in urban and suburban areas. Its wide acceptance is 
owing to its simplicity and the availability of various correction factors [AWC+05], The 
model mean path loss is given by:
Lc  =  46.3 +  33.9 log / c +  (44.9 -  6.55 log (hr ~  M )  log d
-  [(1.1 lo g /c -  0.7) hR -  (1.56 lo g /c -  0.8)] (2.4)
-1 3 .8 2 log(fcr -  ho)
The effective height of the transmitter may be used, instead of the actual height, by 
the inclusion of the effective road height, as suggested in [Dob96],
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The scope of the parameters is: 1000 <  d <  20000m, 3 < hx <  200m, 1 <  /ir < 10m, 
1500 < / c <  2000MHz.
2.2.3 The WINNER II Models
The Wireless world INitiative NEw Radio (WINNER) is a consortium, with the aim 
to enhance the research in mobile communications. The consortium has produced a 
number of deliverables, path loss models amongst others, one of which is used as a 
reference point in the thesis.
For the LOS branch, two slopes (single breakpoint) are defined. The path loss model 
is given by:
r W 2 _  J -^ LOS —
-3 3  +  20 log / c +  22.7 log d if d < Xb
—0.537 +  2.7 log / c +  40 log d (2.5)
-17.3  log(/ix -  1.0) -  17.31og(/iR -  1.0) if d > xb
where Xb =  4/ixhft/A. The scope of the distance is 10 < d < 5000.
For the NLOS branch, a single slope curve is defined, but variable with the distance 
from the transmitter. The path loss model is given by:
TnloS =  m n^ {
^ lo s  | d=xi +8 .9  +  31og/c -1 2 .5 n j(x i) +  10nj(xi)logx2, (2 .6 )
Llos\d=x2 +  8 - 9  +  3 1 °g /c  -  12.5nj(x2) +  10nj (x 2 ) lo g x 1}
where nj(x) =  max(2.8 — 0.0024x, 1.84), min(.) and max(.) are the minimum and max­
imum functions respectively.
The scope of the distance is 10 < d <  5000m. The coefficients were tuned for h i =  10m 
and /ir =  1.5m.
2.2.4 The ETSI Models
The European Telecommunications Standards Institute (ETSI) is a non-profitable stan­
dardisation organisation, which is independent of the communication companies. It is
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based in Europe and has a worldwide reputation among hardware manufacturers and 
network operators. Achievements of the ETSI, amongst others, are the standardisation 
of the Global System for Mobile communications (GSM) and TErrestrial Trunked RA­
dio (TETRA) communication systems. The ETSI have produced various models of the 
propagation channel, and especially for the urban deployment scenario, the following 
path loss model is suggested, for LOS communication links:
rBerg_  f  2 0 1 og(4 7 rd/A) if d < 300
LOS — \ V /
y 20 log 3 ^  +  40 log d if d > 300
and for NLOS links:
r Berg _  r Berg I / 0
-“ NLOS -  LOS \d=dn
incited by [Ber95], where dn =  (x\/2+l)x<i+x\ is the “illusory” distance. The following 
NLOS branch is also suggested:
-^NLOS =  24 T  45 log(d +  20) (2.9)
incited by the work of Walfisch-Bertoni [WB8 8 ] and Ikegami et al [ITY91], and adjusted 
for communication links below rooftops.
The scope of the models is not defined, but is intended for use in the following ranges: 
0 < d <  1500m, h'r below rooftop height, /ir mobile-node height, frequency in Universal 
Mobile Telecommunications System (UMTS), Manhattan grid environment.
2.2.5 Models from Existing Academic Research
The academia offers tentative work on path loss models, which are close to the studied 
parameter ranges of this thesis [WTN04, GO02, SMI+01, MKA02, TSG01, PDR.B99,
KKT07, Lee8 6 , HXB99, PKC98]. Single-slope [SMI+01, MKA02, PDRB99, GO 0 2 ,
WTN04, PKC98, KKT07], two-slope [IR, HXB99], and even three-slope [TSG01] mod­
els have been proposed, which are applicable to low-height propagation. Some of these 
models consider frequency- and height-dependent factors. In [WWM+00], measure­
ments were conducted, at a very near to the ground level (receiver height at 3-28cm), 
at 880MHz, in an urban environment. The authors reported an expected drop in sig­
nal power, which is due to the low receiver antenna height. Further, the models are
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presented in year-of-publication order. The scopes of the proposed model parameters 
are also provided, when they were found in the respective published papers.
Papadakis et al model
Papadakis et al [PKC98] formulated an empirical path loss model, based on mea­
surements at 1.8GHz, with variable antenna heights (8-12m), and an urban microcell 
environment. The path loss model is given by:
Lp =  Lo +  lOn log d (2.10)
where the parameter values are provided in [PKC98] for the interested reader. For the 
LOS branch, two models are suggested: a single-slope and a two slope. In the former, 
the suggested slope-coefficient value, for the antenna height configuration, which is 
closest to the Measurement Campaign A (MCA) and Measurement Campaign B (MCB) 
(At =  5.5m), is Lq — 43dB and n — 1.99. In the latter, the following slope-coefficients 
are proposed: ni =  1.76 and n2  =  5.12, for the same height (At  =  5.5m). The authors 
suggest an effective road height Ao — 0 , since the measurements were conducted with 
low traffic conditions. For the NLOS branch, a single-slope model is proposed with a 
path-loss slope-coefficient n =  3.21, for At =  5.5m.
Har et al model
Har et al [HXB99] developed empirical path loss expressions to fit the measurements 
of Xia et all [XBM+94], The measurements were conducted with transmitter antenna 
heights at 3.2, 8.7, 13.4m, receiver height at 1.6m, and a variable environment (high-, 
low-rise). For the LOS branch, two slopes (single breakpoint) are defined. The path 
loss model is given by:
r H -  < ■^ los — <
-84.5 +  39.4 log / c +  10(1.58 -  0.573 log At) log d 
+17.1 log At if d <  x\,
—84.6 — 32.1 log x\y +  45.7 log f c 
+  10(3.21 +  1.39logAT)logd if d, >  xy
+(26.0 — 13.9 log ccb) log At — 20 log Ar
(2.11)
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where Xb =  4 /it /ir /A .
For the NLOS branch, a single slope curve is defined (combined ST route in [HXB99]). 
The path loss model is given by:
-^nlos =  —87.7 +  29.7 log / c +  (47.2 +  3.72 log /it) d — 12.2 log /it. (2.12)
The LOS branch of the model has discontinuity at the d — xb-
Patwari et al model
Patwari et al [PDRB99] formulated an empirical path loss model, based on 22 measure­
ments at 1.8GHz, with antenna heights at 1.7m, and a variable environment (urban, 
rural). The path loss model is given by:
Lp =  -19 .6  +  2 0 1 og(4 7 rd/A) +  28 log d. (2.13)
However, in the path loss model, the distance is the only parameter affecting its value 
and the path loss slope-coefficient is expressed with a single value.
Green et al model
Green et al [GO02] suggested an empirical path loss model (only for LOS communica­
tion), based on measurements at 2.4GHz, with antenna heights at 1-2.5m. The path 
loss model is given by:
L los =  —60 +  20 log / c +  40 log d — 20 log /it  — 20 log fin (2.14)
and is reciprocal.
Wang et al model
Wang et al [WTN04] formulated a statistical path loss model, based on ray-tracing soft­
ware predictions in a three-dimensional map and in two frequencies (2.1, 5.2GHz), with
24 Chapter 2. State o f the Art
Table 2.1: Respective model parameters in the Wang et al mo del.
Antenna height configuration L0 n
LOS independent of height -27.6 2 . 0
NLOS
h-T 5m, hn =  1.5m -56.4 5.47
hy — 1.5m, /ir. =  1.5m -62.01 5.86
variable antenna heights (1.5, 5, 15m), and a site-specific urban microcell environment. 
The path loss model is given by:
Lw =  Lo +  20 log f c +  lOn log d (2.15)
where the parameter values are provided in [WTN04] for the interested reader. The 
parameter values, which are closest to the MCA and MCB are summarised in Table 2.1.
The factors affecting the path loss model are the distance d and the carrier frequency 
/ c. The predicted path loss increases with respect to the transmitter height. However, 
the model was developed from artificial data, at two frequencies, at the high end of the 
thesis studied frequency range. The authors also suggest that the shadowing standard 
deviation changes with respect to the distance d.
Konstantinou et al model
Konstantinou et al [KKT07] formulated an empirical path loss model, based on 18 
measurement runs at a UMTS frequency (2.1374GHz), with variable antenna heights 
(0.5-3)m, and a variable environment (urban, suburban). The path loss model is given 
by:
PL^qs =  4.62 +  20 log —  +  29.61ogd -  2.24hT -  4.9/ir (2.16)
A
and
P L NLOS =  2 0  loS ^  +  4 0 - °  loS d - 2 h R +  C
0 dense environment (he >  18m) (2-17)
—4 suburban or urban (hs < 1 2 m).
C =
Although the measurements were conducted in a single frequency, the frequency term is 
included in the path loss estimation. The same measurement data were employed in for­
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mulating more detailed models, through advanced statistical techniques, which are pre­
sented in Chapter 4 and Chapter 5, and have been submitted for publication [KKT08].
2.2.6 Comparisons
The industry models are most widely accepted, as the presented academic models have 
limited use due to either inefficient number of measurements or lack of consideration of 
parameters that affect the mean path loss. For example, the applicability range of the 
frequency variable is better studied in the ITU-R models (see Section 2 .2 .1 ) than any 
of its presented academic counterparts. The industry models, however, do not extend 
to the very close to the ground heights. The model that is capable of providing with 
the closest to the ground mean path loss estimation assumes minimum transmitter 
height ht  =  3m. However the said model (COST 231-Hata) is intended for macro-cell 
communication (see Section 2.2.2). In this respect, it is felt that the presented models 
might be inappropriate to deal with the complex propagation conditions of very near 
to the ground environments. Fig. 2.3 plots the industry models.
The presented literature models can be employed for path loss estimations of the Sin­
gle Hop (SH) or Last Hop (LH) links in a multihop mobile network, however, they are 
inappropriate for estimating the Peer-To-Peer (P2P) losses. This thesis aspires in con­
tributing with a new model that its coefficients are tuned to the street-level propagation 
environment with low antenna heights. The path loss estimations that are based on the 
new model will be applicable for use in the P2P links of a multihop mobile network.
2.2.7 Unfavourable Antenna Positioning Model
Iiarrold et al [HNB01] studied the extra path loss incurred, when the transceiver an­
tennas are sited at unfavourable positions (close to the head, inside a pocket, held at 
the side of the body). The authors suggestions were based on single ray illumination 
measurements, conducted in an anechoic chamber, and signal strength measurements, 
conducted in an indoor multipath environment. For the interested reader, the suggested 
additional path loss values, which range from 0 to 8 dB, are summarised in [HNB01].
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Figure 2.3: A comparison between the major existing path loss models; FSL: Free space 
loss. The figure was produced assuming f c — 2000MHz, ht  =  5m [SS99], hr  =  1.5m, 
ho =  lm [IST07] (unless provided in the model).
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As it will be shown later, the losses due to the unfavourable antenna positioning are 
not negligible; see Section 5.3.
2.3 Chapter Intermission
This chapter begun with a brief background on the radio channel mean path loss, 
shadowing and fast fading concepts. Several non-time-dispersive propagation-models 
that are widely-used by academia and industry were presented. This propagation­
relevant introduction was provided so as to familiarise the reader with the problem of 
current models, which are shown not to extend to very low heights.
To return to the original purpose of deriving an empirical model, this chapter continues 
with a brief background to medium access schemes, duplex communication techniques 
and the multihop concept. The chapter will focus on the technical advantages and 
potential tradeoffs of employing relaying. Several multihop mobile network and pro­
tocol proposals will be presented. The continuation of this chapter aims at conveying 
knowledge about the existing routing algorithms and resource allocation schemes,
2.4 Background to Medium Access Schemes
In communication systems, there are two resources, frequency and time, which are 
accessed by multiple users. Examples of medium access techniques are [RapOl]: Fre­
quency Division Multiple Access (FDMA), Time Division Multiple Access (TDMA), 
Code Division Multiple Access (CDMA), Orthogonal Frequency Division Multiple Ac­
cess (OFDMA), Time Division Duplex (TDD)-CDMA, etc.
Each link in CDMA is allocated all frequency spectrum regardless of time and spread­
ing codes are used for channel recognition. The transmissions are taking place in a 
concurrent fashion, at the same frequency and time, but each signal is spread with a 
different spreading code. The medium is fully utilised (frequency re-use is unity) but 
the interference from the simultaneous transmissions adds excessively to the thermal 
noise in each link, diminishing the Signal to Interference-plus-Noise Ratio (SINR).
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The capacity of CDMA-based networks is interference-limited, because the interference 
that is caused by the simultaneous transmissions degrades the SINR of each link. When 
the SINR drops below a predefined threshold, which is dependent on the service, the 
link is designated unsatisfactory. The capacity of the cell, in the CDMA, is defined 
from the sum bit-rate of the links with an acceptable SINR quality.
To allow for duplex communication the following two techniques are used in mobile 
networks: FDD and TDD [HT02]. Two frequency bands are required in FDD to 
accommodate the UpLink (UL) and the DownLink (DL) separately.
2.5 Background to the Multihop/Relaying Concept
2.5.1 Introduction to the Multihop/Relaying Concept
In the conventional mobile network, all the radio communication links are formed be­
tween the Base Station (BS) and User Equipment (UE), so that the network is cen­
tralised. On the other hand, in an ad-hoc network, links are formed among the Mobile 
Station (MS), in a P2P fashion. The links may comprise a SH or multiple hops be­
tween the origin and the destination of the communication, with several user-nodes 
used as repeaters between the hops. The multihop mobile network can be assumed to 
lie between the two aforementioned communication systems: the centralised SH and 
the distributed multi-hop. Each link in a multi-hop mobile system is optionally either a 
single- or a multi-hop connection, decision which is attained by the routing algorithm. 
The communication links are routed via the cell BS, yet, P2P communication is also 
envisioned if the opportunity arises, e.g. when the communication terminals lie close 
to each other, or when the cells are congested, which would yield service deprivation.
Contrary to the conventional Non-Relaying (NR) mobile network, where all links are SH 
and routed through the cell BS, routing in multihop mobile networks is an important 
function. A suitable routing algorithm is required for crucial decisions, such as multihop 
connectivity initiation, Relay Station (RS) selection algorithm, etc. Adversely, these 
routing algorithms have no functionality in a SH-only mobile network.
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Figure 2.4: The conventional and the relay enhanced mobile networks.
The repeaters in multihop mobile networks can be strategically-deployed fixed-relays, 
with directivity-gain capabilities. However, with the mobile communications technology 
becoming more and more widespread, the urban outdoor environment usually has a 
high density of idle terminals. It is to the network operators’ advantage to harness 
the omnipresence of these terminals that are capable of communicating. These idle 
terminals can be used as mobile-relays for users which experience unsatisfactory quality 
of the direct link with the BS. The multihop mobile-system shares several characteristics 
with the ad hoc network, such as the dynamic change of relay terminal positions (in 
mobile relaying), the decrease of dependency on a network backbone, and the relay 
capability of the network nodes. Nonetheless, the routing protocols which are used in 
ad hoc networks are not readily applicable to mobile multi-hop systems, because the 
latter retain their infrastructure-based connectivity for the largest part of the system 
links.
The relaying function is illustrated in Fig. 2.4. Relaying functions as a repeating tech­
nique, in which RS are re-transmitting the data channel, so that, the communication 
link between a MS and a BS may be accomplished by a series of shorter multiple hops, 
rather than a single MS-BS transmission. The system on the left is a conventional 
network, where every connection is SH, called centralised network. On the right, there 
is a multihop mobile network, where there is a possibility of relayed connectivity.
In a relay-enhanced mobile-network, the MS need only dissipate sufficient power to 
transmit data to the closest access point, the BS or a RS, which leads to a reduction in 
the power needed for the specific communication link. Transmitting reduced power is 
mapped to lower interference margin in the terminal receiver. This is a great achieve­
ment, especially for CDMA mobile-networks which are interference limited and feature
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high frequency-reuse, which consequently leads to lower interference-margins across the 
network. Immediate outcomes of interference reduction in CDMA-based networks are: 
accommodation of service of more users, improved user-capacity, better performance, 
coverage extension for high data rate services, etc.
The relaying concept, applied to the mobile network, has attracted significant interest 
in recent years, because of its many promising technical advantages1:
1. The cell coverage is extended. This is because the data signal received at the 
RS is amplified and re-transmitted, so that the new transmission is able to reach 
further distances, provided that the noise level remains constant. However, with 
bad radio planning (RS positioning), the cell-range extension may be trivial; see 
Section 5.5.4.
2. The congested cell can be relieved by traffic balancing. The highly loaded cells 
may divert their traffic to lighter loaded neighbouring ones. However, when the 
neighbouring cells are equally loaded, this benefit is neutralised.
3. The cell load is contracted if P2P links are allowed in the system, so that the 
BS allocates the central resources for the service of other users. This technique is 
promising to increase further the spectral efficiency and system throughput. How­
ever, the additional in-band interference caused by these P2P links may reverse 
the capacity gains towards system degradation.
4. The deprivation of coverage in dead-zones can be mitigated. Therefore, the net­
work planning can be simplified. Relaying can be used to fill-in the dead-zones, 
which are left by imperfect planning techniques during the network design. How­
ever, the risk to positioned badly the RS within the dead-zone exists, thus ceasing 
this advantage.
5. The high data-rate range is extended. Relaying can be used to increase the 
system throughput by providing high data-rates further. This does not however
1 It is noted that the multihop enhancement does not does not provide with unconditional rewards 
to the mobile network. On the contrary the advantages are experienced given the respective criteria 
are met.
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contradict with the findings of [GKOO], as those results were based on ad hoc 
network assumptions. On the other hand, the relay-enabled mobile networks will 
remain centralised on their largest part. This is alleged in the sense that almost 
all series-of-hops, excluding a small percentage of pure P2P connections, have a 
wired fixed node (BS) as their origin or destination.
6 . The network capacity is increased by reducing the interference in the system 
receivers. This occurs because the transmission path is broken into shorter hops, 
whose total path loss is less than the SH loss, so that the transmission powers are 
reduced. Employing a routing algorithm which aims at reducing the interference 
or increasing the SINR. at the system terminals, the network capacity is increased. 
Consequently the number of BS required to provide service in an area is reduced. 
However, this scheme is sensitive to the routing algorithm and may easily reverse 
the relaying advantages.
Subsequently, it is elucidated that the integration of multihop capabilities with mobile 
networks is perhaps the most promising architectural upgrade, with the potential to 
fulfil the ambitious throughput and coverage future-network requirements [PWS+ 04, 
PEW05, SNBHOO],
The disadvantages that were presented above are a consequence of the relaying concept 
having been falsely applied and thus it fails to deliver the benefits to the mobile network. 
Nonetheless, several tradeoffs for employing relaying in a mobile network exist:
1. More radio resources are required for the hop transmissions. This argument 
applies to both in-band and out-of-band relaying.
2. The number of concurrent links in the network is increased and thus more inter­
ference is caused.
3. The network routing is more complex. Smart resource allocation schemes may 
by required. Routing algorithms that promise to yield maximum capacity can be 
implemented in a centralised on non-centralised fashion. The former require ad­
ditional multihop-dedicated control channels, whereas the latter are often under- 
perforining suboptimal algorithms.
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4. There are practical restrictions on the number of hops.
5. In the case of mobile RS, the benefits of relaying may not be realised until suffi­
cient number of relay-enabled MS exist in the network.
6 . Technical modifications are required to make the UE and BS equipment relay- 
ready (e.g. to accommodate two interfaces), whose cost, complexity and power 
consumption may offset the multihop advantages.
2.5.2 Multihop Mobile Network and Protocol Proposals
Several multihop mobile network and protocol proposals are discussed below:
O D M A  The Opportunity-Driven Multiple Access (ODMA) [3GP99] is a mobile mul­
tihop technique that was proposed as an enhancement of UMTS-TDD mode and 
performs routing based on minimum total path loss. During multihop connec­
tivity initialisation, the RS uses a probing mechanism to build a neighbour list. 
The issue of channel assignment has not been addressed. A routing algorithm, 
purporting to minimise total transmit power on each routing path, was proposed 
in [CCL06].
iC A R  The integrated Cellular and Ad hoc Relay (iCAR) system [WQDT01] was pro­
posed to address the congestion problem, caused by unbalanced traffic in a mobile 
network. Each RS has two air interfaces: the cellular and the relaying. The relay­
ing interface uses an unlicensed band at 2.4GHz —  in the Industrial, Scientific, 
and Medical band. The achievements are multiple: the traffic was successfully re­
layed out of the congested cells, so that the traffic-load was dynamically balanced 
among the cells, and the call blocking/dropping probability was found to be re­
duced. An adaptive routing protocol for flexible access was proposed in [WYZ06].
A -G S M  The Ad hoc Global System for Mobile communications (A-GSM) [AT01] is 
suggested as an enhancement to the GSM networks. Each MS executes M S- 
BS and MS-RS link measurements. These are performed by transmission and 
reception of beacon messages, which contain information about link parameters
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(Bit Error Rate (BER) and Carrier-to-Interference Ratio (CIR)) and the number 
of hops required to reach the BS. A handover from GSM is triggered when the 
serving BS fails, or when the CIR drops below a threshold level, or when an op­
portunity arises for CIR improvement due to the user mobility. The performance 
was examined through simulation and an average 8-17% throughput improvement 
was recorded.
M L P  The Multihop, Load Partitioning (MLP) networks were introduced in [Pia08], in 
order to minimise power consumption in FDMA and CDMA networks. A simple, 
versatile, suboptimum power minimisation algorithm was suggested.
V C N  The multihop Virtual Cellular Network (VCN) was proposed in [KA03b, KA03a]. 
The routing algorithm is based on the total UL transmit power minimisation. An 
“on-demand” channel assignment strategy was proposed in [EKA06a], The multi­
hop skipping method was proposed in [EKA06b], pursuing to avoid call blocking.
H W N  A protocol for Hybrid Wireless Network (HWN) was presented in [CCW03], 
which avoids long multihop routes that lack in reliability.
A -C ell A multihop TDD W-CDMA architecture, Ad hoc-Cellular (A-Cell), was pro­
posed in [Saf03, Saf05]. Directive antennas [OGOO, GOOO] are employed to re­
duce interference, conserve energy and enhance spatial reuse. Routing is aided 
by Global Positioning System (GPS) node-distance information. A heuristic slot 
assignment scheme was suggested in [ARSH05].
A M C  A multihop architecture, Adaptive Multihop Cellular (AMC), aiming at max­
imising the throughput by adapting the cell size to an optimal value, is proposed 
in [THAB06, Tam06]. Dynamic changes of network density, traffic patterns, and 
network topology are considered. The data throughput, and call acceptance ratio 
were studied through simulation. It was designed to be employed in sparse mobile 
networks.
U C A N  The Unified Cellular and Ad-Hoc Network (UCAN) architecture, using 802.11- 
based P2P links, was proposed in [LRS+ 03], in which the relays are mobile and 
have two interfaces.
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2.5.3 Further Research Work on Multihop Systems and Protocols
Apart from the introduced mobile network architectures and protocols, there has been 
much work on evaluating the multihop gains owed to conjoining multihop capabilities 
and mobile networks.
The relaying function can be applied in UL, DL, or in both DL and UL. When applied 
in UL, it may be either focusing on enhancing the coverage, by using minimum total 
transmit power reduction algorithms [KA02], or improving the capacity of the system, 
by using total interference reduction algorithms [YY04]. The transmit power reduc­
tion was identified in [AK07]. An interference distribution analysis with closed-form 
expressions for UL and DL in a two-hop fixed relay network is provided in [SYFP06].
Major research works on the capacity increase are [PWS+ 04, CH04, DDO03, YOF+02, 
ZT06, LKF08, RP07]. The capacity improvement, using in-band relaying in a CDMA- 
based system, was studied in [RBM02], showing that it is restricted, due to the relaying 
traffic originated interference, which limits the capacity. Capacity improvement in a 
CDMA cell was shown in [RH06], where an increase of 10% in Erlangs was found.
The CIR and throughput enhancement was shown in [WWS06], A quantitative analysis 
of coverage extension (analytical upper and lower bounds) by using a variable number 
of decode-and-forward relays was performed in [ZHK+07]. In [CH04], the number of 
hops against the possible performance gains was studied, and limiting them to two was 
suggested as being a good design choice for the relaying scheme. This is because the 
protocol design is simplified (routing is transformed into a relay selection algorithm), 
and the communication overhead is minimised significantly [ZT06, LH07]. The optimal 
number of RS per cell, which maximises spectral efficiency, is shown in [FY06].
Routing algorithms for multihop mobile networks have been proposed by many re­
searchers, amongst which [DDO03] with location, [SYF03] with path loss, [KA02] with 
transmit power, and [RMB05] with congestion metrics. The latter is an interference- 
aware algorithm, where the interference is explicitly captured by the link SINR, and 
the feasibility of the Quality of Service (QoS) constraints are checked with the Perron- 
Frobenius eigenvalue of the channel gain matrix. In [ZT06], several relay selection 
schemes were suggested and compared with respect to outage probability, under the
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assumption that all MS use the same service and data-rate. The concept of presump­
tive routing based on interference metrics of the pilot signals is described and mod­
elled in [DT07], Interference-based routing and scheduling aiming at maximising the 
throughput, was studied in [VM06], inspired by mesh-networks. A RS selection algo­
rithm, aiming at maximising system throughput while consuming the least bandwidth 
resources (metrics: used-bandwidth-ratio), was proposed in [SPW07]. Minimum LH 
link power based routing based for W-CDMA FDD/UL was proposed in [OST05].
Depending on the deployment-nature or mobility of the RS ([LH07]), fixed RS (or 
with minor mobility) can be sited by network operators, as in [WQDT01, LHYT06, 
EWP04, YOF+02, HSENct], or be idle mobile UE, as in [RMB05, CH04, LPY06, ZT06, 
BLLR06].
Radio resource allocation for the different hops can be performed in either TDD or 
FDD [DGA04]. Relay resources can be from either the mobile network, or out-of-band 
spectrum, as in [ZT06, BLLR06, RP07]. An asymmetric accommodation scheme for 
CDMA/FDD, which suggests common frequency band for the P2P and LH transmis­
sions, is proposed in [MNK07]. The design of channels, establishment of connections, 
and various other relaying mechanisms for W-CDMA FDD/UL are analysed in [OST05].
Smart resource allocation schemes my be considered for in-band relaying for further 
capacity benefits, as suggested in [RMB05, CH04]. Various algorithms have been 
proposed: for UMTS Terrestrial Radio Access (UTRA)/FDD UL with fixed-relays 
([LHYT06]), for fixed-relay networks ([MYP05, PB06]) and for W -CDM A/TDD net­
works ([TBHA07]).
2.5.4 Power Control for Multihop Mobile Networks
PC is employed in conventional UMTS in a centralised fashion and is not designed 
for relay-enhanced systems. Background research work on PC for multihop mobile 
networks can be found in: [NT05], where a PC scheme that jointly considers routing 
and Medium Access Control (MAC) issues is proposed and evaluated, and in [RH06], 
where PC is performed by equalising the received powers in all the system receivers. PC 
for P2P links is explained and employed in a single- and two-hop W-CDMA FDD/UL
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network, in [OST05]. Furthermore, the Foschini-Miljanic algorithm (FMA), presented 
in [Gol05], is readily applicable for calculating the system transmit powers, assuming 
perfect PC [KT07, KIT08a, KIT08b]. This iterative distributed PC scheme, converges 
to a power solution, such that the quality criteria are satisfied within the required power 
restrictions.
2.6 Conclusions
As already mentioned in Chapter 1, the multihop concept applicability as a future 
mobile network enhancement, depends heavily on the propagation environment. Thus 
studying the propagation characteristics of the relay channel is of vital importance. 
On these grounds, the recorded-data from measurement campaigns (Chapter 3) will 
be harnessed to acquire insight information (Chapter 4 and Chapter 5) about the low- 
height terminal propagation channel.
This chapter started with a brief background on the basic concepts required for design 
decisions about measurement campaigns which aim to assess the low height propagation 
channel. The terms mean path loss, shadowing and fast fading are introduced, and 
their analysis data-points’ preparation-methods are discussed. Two averaging criteria 
are provided for assessing the mean path loss information and the Lee criterion was 
selected for employment. Three techniques for isolating the shadowing component from 
the recorded path loss values are discussed.
The chapter continued with a presentation of several measurement-based non-time- 
dispersive propagation models, of academic or industrial origin. These will be used in 
Chapter 4 as reference, for comparisons with the derived models of this thesis. The 
most widely-used, among the presented models, were plotted on the same axes, by 
using the same parameters, so that the variability of their predictions was revealed.
Furthermore, their potential inappropriateness for dealing with the complex propaga­
tion conditions of very near the ground environments was suggested. In such environ­
ments, the signal within LOS is expected to be dispersed due to reflections, and the 
direct path to be blocked by vehicles, pedestrians and street-furniture. The two-slope
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LOS path loss models, which are traditionally used in micro- and pico-cells, presume a 
breakpoint-distance based on an effective road height estimation due to the road traf­
fic conditions. However, these models may fail to produce valid estimations when the 
transceiver antennas are situated close or below the effective height [MKA02]. More­
over, the geometry of the buildings and the terrain granularity are parameters that 
will pose differences in the physics of radio propagation between rooftop and street- 
level heights. This is because more combinations of: reflections from vertical walls and 
ground, diffractions from vertical and horizontal edges of buildings, and scattering from 
non-smooth surfaces are expected with a lower propagation height [IY02],
After the background research on the propagation models and having established that 
new path loss functions are required for relaying systems, the chapter continued with 
an introduction to the multihop concept. Potential benefits and tradeoffs of conjoining 
relaying and mobile networks were presented, with an emphasis on the merits that 
are considered to deliver capacity and coverage extension in CDMA-based networks. 
The relaying technology is applicable as an enhancement to a variety of networks, and 
thus several proposals were presented, with a bias to portraying the different routing 
and resource allocation choices. Major works on multihop mobile network studies were 
cited, and their basic findings were presented. A separate subsection was devoted to 
applicable proposed distributed PC algorithms, and the FMA was selected for use.
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Chapter
Measurement Campaigns
3.1 Introduction
In Chapter 2, the need for building a new low-height mean path-loss, shadowing, and 
fast fading models was discussed. To this end, the results from three different mea­
surement campaigns were analysed. Measurement Campaign A (MCA) and Measure­
ment Campaign B (MCB) shared the same goal, to record data to be used for model 
regression-analysis. They were also conducted in a similar fashion. However, their 
separation is maintained throughout the thesis, for mainly two reasons: a) MCB was 
conducted one year later than MCA (so was the statistical treatment), and b) they were 
conducted by entirely different equipment and personnel. The data-points from both 
campaigns were treated completely independently throughout the statistical analyses, 
and separate expressions were derived. This enabled seeking the performance of the 
derived expressions from MCA, in predicting the MCB data-points, and vice versa. 
Measurement Campaign C (MCC) was performed in the endeavour of researching the 
effect of the recording vehicle on the received-power recordings, and was conducted by 
the same people which carried out MCA. The recorded data in all campaigns were: 
position of the receiver and received power at the same position. Table 3.1 summarises 
the main parameters of the discussed measurement campaigns.
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Table 3.1: Measurement campaign parameters. MC: measurement campaign index; 
d: transmitter-receiver separation distance; / c: carrier frequency; /it: transmitter 
height; hR: receiver height; F f. transmitter equivalent isotropically radiated power; 
env: studied environments; No: number of measurement runs (MCA, MCB) /  locations 
(MCC); u&s: urban and suburban, N /A: not applicable; uni: university campus.
MC d e [m] fc 6  [MHz] /it € [m] hR € [m] Ft G [dBm] env. No
A (0 , 1 0 0 0 ) 2137.4 {0.5,1.5,3.0} {0.5,1.5} 30 u&s 18
B (0, 5000) {420,935, 2020} { 1 .8 ,3.0} {1.8,3} (41.7,44.4) u&s 96
C N /A {810,2137.4} 3 1.5 {26.6,27} uni 19
3.2 Geographic Information System Database
For the decision of the measurement locations, the pre-processing and regression analy­
sis, a Geographic Information System (GIS) database was extensively employed. There­
fore, this section discusses the information provided by the GIS database. Such infor­
mation was the building, vegetation (parks), and water (river, canals) block edges, 
amongst others, with an average resolution of 1.78m. Other important provided infor­
mation was the ground and building height, and coordinates of the central line of each 
street.
3.3 Equipment Calibration
This section discusses the equipment calibration, which took place before the recording 
procedure, in all measurement campaigns. As the equipment testing and calibration 
was the same in all campaigns, it is presented herein. The transmitters and receivers 
which were used in the measurement campaigns were calibrated by the manufacturer, 
on a yearly basis. Additional calibration was conducted before the beginning of the 
measurements.
Firstly, the output of the transmitter was measured with an oscilloscope, calibrated by
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the manufacturer on a yearly basis. The receiver offset was calculated by measuring
input. Secondly, the mismatch-loss at the two communicating ends was calculated by 
Voltage Standing Wave Ratio (VSWR) measurements using a Vector Network Analyser 
(VNA). The VNA was calibrated by using the respective kit, before the measurements. 
The calculation of the mismatch-loss Ml was performed by:
where VSWR is the measured VSWR. The mismatch-loss M l is expressed in decibels. 
The mismatch-loss measurements are usually not carried out before measurement cam­
paigns, because, firstly, not all connections can be tested and, secondly, problems aris­
ing from a bad match are uncommon and mismatch-losses are usually minuscule. The 
latter is because the antenna manufacturing company would have rejected the faulty 
products. However, the connector of the receiver antenna, which was used for the first 
month of MCA, was, due to bad maintenance or production, defective. Therefore, mea­
surements of the mismatch-loss were taken seriously in the equipment calibration stage 
of the rest of the MCA, and the faulty recordings were deleted. It remains to be noted, 
that apart from the defective connector, there was no other instance of mismatch-loss, 
which was was found very close to OdB. Lastly, a testing measurement was conducted 
inside the Centre for Communication Systems Research (CCSR) anechoic chamber, 
under controlled conditions, and the recordings were compared to the free-space path- 
loss predictions. In addition, the antenna gains and radiation patterns were acquired 
through measurements in the CCSR anechoic chamber, in order to: test their omni­
directional performance at the MCA frequency, and to validate the radiation patterns 
and gains that were provided with the company spreadsheets. The respective plots are 
presented in Fig.3.4 and Fig.3.5.
the recorded power at the receiver, when a known signal was applied at the receiver
M l =  — 1 0  log (3.1)
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3.4 Measurement Campaign A
3.4.1 Location and Frequency Selection
The scope of this campaign [MIR06] was to analyse the effect of the antenna heights and 
unfavourable location in the Universal Mobile Telecommunications System (UMTS) 
frequency-band, in dense urban, urban and suburban environments. It is reminded 
that, the recorded data were: the measurement location and received power. The MCA 
was conducted in various locations in the city of London. (Note: not to be confused 
with the geographical location of the City of London, which is part of London’s city 
centre). The chosen locations were as good au approximation of the regular rectangular 
grid of streets as possible. The three areas, where the measurements took place were:
1. The area around Portland Place: It is a well-developed urban area with multi­
storey buildings. The main street in the area (Portland Place) is very wide: 
comprises of two lanes for traffic, two lanes for parking, and a wide pedestrian 
sidewalk, on either street traffic direction. The other streets in the area are of 
average width, however, many narrow single-direction lanes, with under-building 
entry-passages, exist. The ground level is relatively flat.
2. The area around Holborn: It is a well-developed urban area with multi-storey 
buildings. The streets are narrow. The street widths are homogenous in the area. 
The ground level is relatively flat with an exception of a road on a bridge.
3. The area around Kingsland Road: It is a well developed residential urban area 
with, mostly, two-storey buildings. The streets are wide. The ground level is 
relatively flat.
Areal pictures of the measurement areas can be easily acquired through Google Maps, 
however, the building- and street-layout are plotted in Fig. 3.1, and an areal picture 
of the area around Portland Place is provided in Fig. 3.2. Some statistical parameters 
that quantify the measurement areas are given in Table 3.2. The distance between the 
transmitter position and the first corner ranged between 40 and 400m. The parameters 
were calculated by using the information provided by the GIS database.
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Figure 3.2: Areal picture of the area around Portland Place in London.
The frequency selected for the narrow-band measurements in the UMTS band was 
loaned by Vodafone UK. at 2137.4MHz. This mobile frequency band, which is re­
served by real mobile networks, was chosen in order to obtain accuracy in the path loss 
recordings, with respect to the frequency dependence.
3.4.2 Antenna Positioning
In the attempt to interpret the effect of the antenna height on the propagation loss, 
the measurement campaign covered various transmitter and receiver heights below the 
rooftoj)-height of the nearby buildings, see Fig 3.3.
The transmitter antenna was set on a tripod which could be adjusted at three different 
heights: 3m, 1.5m and 0.5m, summarised Table 3.3. The heights were selected so that: 
3m would correspond to a possible height of a fixed relay node, 1.5m would correspond 
to the height of a mobile node, and 0.5m would correspond to the height of a mobile 
terminal in a trousers poeket or in a briefcase. A typical half-wavelength vertical- 
polarised omnidirectional dipole-antenna with Gt =  3.3dBi gain, which was measured 
in the anechoic chamber, was used during the campaign; see Fig. 3.4.
The receiver antenna, as shown in Table 3.4, was placed at five different locations: (i) 
on the roof of the measuring vehicle at the height of 1.5m; (ii) on the bonnet of the
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Figure 3.3: Different heights and positions of the transmitter and receiver antennas. 
For the choice of heights see Section 3.4.2. Note that, both transmitter (Tx) and 
receiver (Rx) height levels and positions are plotted. The unattended receiver location 
is also plotted in the inlet picture Although various locations of the transceivers are 
plotted, only one choice of transmitter and receiver height was chosen throughout each 
measurement run. During each run, the transmitters were stationary, while the vehicle 
was covering all travellable streets on a maximum radius of about 1 km around the 
transmitter fixed-location.
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Table 3.2: Statistic al parameters of the measurement areas; Av: average, RW: road 
w i d t h . ________________________________________________________________
Building Vegetation Av. Ground
Av. Height Density Av. Height Density RW Roughness
[m] [%] [m] [%] [m] [m]
Portland 19.3 40 7.8 6.4 25.2 0.46
Holborn 19.1 40 13.5 4.1 23.7 2.52
Kingsland 1 0 . 2 23.3 9.3 4.2 26.4 0.57
Table 3.3: Transmitter positions in MCA.
Definition /tT 1 1 1] Positions
VH 3 Fixed node
H 1.5 Mobile node
L 0.5 Mobile node in a trouser pocket or a briefcase
(a) Co- and cross-polar azimuth plots. (b) Co- and cross-polar elevation plots.
Figure 3.4: Co- and cross-polar azimuth and elevation plots of the transmitter used in 
MCA and MCC; see also Section 3.7.
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Table 3.4: Receiver positions in MCA.
Definition /iR [m] Positions
H 1.5 Vehicle roof
L 0.5 Vehicle bonnet
Vehicle 0.5 Inside the vehicle by the gear stick
Pocket 0.5 Inside the vehicle in a trousers pocket
Briefcase 0.5 Inside the vehicle in a briefcase
vehicle at the height of 0.5m; (iii) inside the vehicle, left unattended by the gear stick 
at the height of 0.5m; (iv) inside the vehicle, left unattended inside a trousers pocket 
of the front seat passenger at the height of 0.5m; (v) inside the vehicle, left unattended 
inside a briefcase which was lying on the front seat at the height of 0.5m. A typical 
quarter-wavelength vertical-polarised monopole-antenna was used for cases (i) and (ii), 
and a typical half-wavelength vertical-polarised dipole-antenna was used for cases (iii), 
(iv) and (v). The two receiver antennas mentioned above were measured in the anechoic 
chamber and found to have gain G r  =  OdBi; see Fig. 3.5.
Transmitter and receiver antennas were positioned upright, with no mechanical down- 
tilt. The position of the transmitter/receiver antenna and cabling to the transmit­
ter/receiver hardware was secured with high-endurance sticky-tape onto the tripod/ 
vehicle-body.
3.4.3 Summary of Equipment
The measurement setup is shown in Fig 3.6. It consists of the following parts: (1) 
transmitter antenna; (2) receiver antenna; (3) GPS; (4) odometer; (5) laptop; (6 ) 
Willtek commercial software HindSite; (7) cabling, power supply and other.
3.4.4 Recording Procedure
The transmitter was used in continuous-wave mode, at the frequency of 2137.4MHz, 
and its output power was set at 30dBm, for all measurement runs. No data were trans-
48 Chapter 3. Measurement Campaigns
L
(a) Monopole antenna (b) Dipole antenna
(c) Co- and cross-polar azimuth plots (monopole) (d) Co-polar azimuth plot (dipole).
(e) Co-polar elevation plot (monopole).
Figure 3.5: The two receiver antennas used in the MCA and MCC; see also Section 3.7.
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TXw
f"2.4GHz
— 0 -----
Figure 3.6: Measurement Setup in MCA. An actual picture of the Willtek receiver is 
used, f: measurement frequency; TX: transmitter antenna, Rx: receiver antenna.
mitted, only a sinusoidal wave. The receiver extension cable loss was measured in the 
laboratory. The attached-to-antenna cable loss was calculated from the manufacturer 
spreadsheets for the respective lengths and frequency and were found to be 4.2dB for 
the monopole antenna and l.ldB  for the dipole antenna. A Global Positioning System 
(GPS) device was used for the acquisition of each measurement point location. An 
odometer was attached to the wheel of the vehicle. The commercial software, which 
was installed on the laptop, was used to record
1. the location in latitude-longitude coordinates, supplied by the GPS,
2 . the travelled distance from the starting point, which was given by the odometer, 
and
3. the signal strength, provided by the receiver readings.
The odometer was set to trigger every lm  the receiver signal-recorder, whose bandwidth 
was set at 7.5kHz about the carrier measurement frequency. For each position, 1000 
samples were acquired and from the Cumulative Distribution Function (CDF) of the 
recorded set of values, the 37% level was extracted, likewise suggested by the receiver 
manufacturer in order to neutralise the fast fading signal component. The dynamic 
range of the receiver is discussed in Section 3.8.5. A pad attenuator was applied at
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the receiver end, which was dynamically adjusted by software, according to the signal 
strength level.
3.5 Measurement Campaign B
The second measurement campaign was designed to study the effect of the antenna 
heights, environment and frequency on the propagation loss. This campaign was an 
extension of MCA, was run by the Red-M company, under the project titled “Predicting 
path loss of low height terminals” , supported by OFfice of COMmunications [BBC+07]. 
The data were supplied in raw recorded format, without any pre-processing. The 
author acknowledges his gratitude for the rich data, in the Acknowledgements section. 
No copyright material was used and no access to the processed-data was given to the 
author throughout the thesis. In the following subsections, the recording procedure 
and equipment are presented, so that the data-treatment is better explicable.
3.5.1 Location and Frequency Selection
In the endeavour to cover different, typical, real, urban morphology-scenarios, the sta­
tistical parameters from the GIS database from locations in the UK were collected. 
It is reminded that, the recorded data were: the measurement location and received 
power. Based on the average characteristics around a radius of 2km, two areas for the 
measurement campaign were specified: London city and Reading town. The former was 
selected as a representative of a highly urbanised environment, whereas, the latter as an 
example of a typical suburban-morphology; see Table 3.5 and Fig. 3.7. The determining 
parameters for the area-selection were: the average building and vegetation height and 
density, road width, and Line-Of-Sight (LOS) probability. The term “LOS probability” 
is defined as the percentage of LOS location-points on a circle about the transmitter, 
over the sum of location-points on the same circle. Totally 19 locations were selected, 
11 in London city and 8  in Reading town; see Fig. 3.7. The average statistics of the 
selected locations are summarised in Table 3.5. Totally, 24 measurement runs were 
conducted, which maps to 96 independent data sets. The large amount of measure­
ment runs and locations was chosen, so as to provide with repeatability and diversity
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of environment. The large quantity of data-points per frequency, antenna-heiglit con­
figuration and environment, aids discernibility of each factor's effect on the mean path 
loss function, and leads itself to improved regression-analysis output-accuracy.
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(a) London city (b) Reading town
Figure 3.7: Positions of the 19 selected locations in MCB.
During the measurement campaign the received power of different paths was recorded, 
in a simultaneous manner by systematically observing a set of frequencies and antenna 
heights. The transmitter terminal was used in continuous wave mode at the following 
Ultra High Frequency (UHF) band frequencies often used in communication systems: 
420MHz (/L ) corresponding to the TErrest.rial Trunked RAdio (TETRA) [DGI99] sys­
tem carrier, 935MHz (/M ) representing the Global System for Mobile communications 
(GSM) or UMTS 900 [HAP07] system and 2020MHz (/H ) corresponding to the UMTS 
and extrapolatingly the Wireless Local Area Network (WLAN) 802.1 lg. It is noted that 
the symbols / L, /M , and / H denote the low-, medium-, and high-studied-frequency. 
and that the specifying letter L, M, H are not subscripted for ease of visualisation.
3.5.2 Antenna Positioning
The transmitter antennas used, were three typical half-wavelength vertical-polarised 
omnidirectional dipoles, one for each transmitting frequency, of G t - 2 dl3 i gain and 
height alternating between 1.8 and 3m in each measurement location. Note that, 1.8m 
above the ground, denoted “L” , can represent a possible human node or a handheld
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Tabic 3.5: Statistical parameters of the measurement areas. Env: environment urbani­
sation category, Loc index: location index, L: 1 .8 m height, H: 3m height, BD: building 
density, VH: average vegetation height, VD: vegetation density, w: average road width 
(inclusive of pavement).
Environment
Loc
index
h'r
BH
[m]
BD
[%]
VH
[m]
VD
[%]
w
M
1 L 26.4 44.7 13.2 1 . 1 25.0
2 H 26.8 40.7 15.6 0 . 6 25.3
3 L 17.2 28.2 16.4 4.1 30.2
4 H 17.4 30.3 14.8 5.3 29.3
5 L 16.4 31.8 16.0 8.4 29.6
London
6 L 12.5 2 2 . 6 11.3 3.0 29.6
(urban/suburban)
7 H 10.7 24.0 1 0 . 0 4.0 27.8
8 L 1 0 . 8 23.1 7.1 3.5 28.1
9 L 9.3 23.8 1 0 . 6 8.4 27.7
1 0 H 8.5 23.1 1 1 . 6 8 . 1 28.0
1 1 L 9.1 21.5 13 6.4 27.9
Reading (suburban)
1 2 H 9.3 24.2 9.2 3.6 27.7
13 L 8 . 8 21.9 7.8 4.8 28.1
14 L 8.7 2 2 . 0 8 . 2 4.1 28.2
15 H 8.7 21.9 1 0 . 1 4.0 27.5
16 L 9.0 2 2 . 8 10.5 3.7 28.2
17 L 6.3 14.6 9.4 1 0 . 2 29.1
18 H 6.4 14.8 7.6 6 . 6 29.1
19 L 6.5 15.3 7.8 6.3 30.0
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Table 3.6: Description of the receiving end in MCB.
Rx 1 Rx 2 Rx 3 Rx 4 Rx 5 Rx 6
Carrier frequency f c [MHz] 420 420 935 935 2 0 2 0 2 0 2 0
Receiver height hij, [m] 1 . 8 3 1 . 8 3 1 . 8 3
device, whereas 3m above ground, denoted “H” , may correspond to the height of a 
potential pole-node. The Effective Isotropically Radiated Power (EIRP), noted as Pt, 
was measured before each measurement run and found to be Pt £ (41.7,44.4)dBm, 
depending on the carrier frequency / c, and higher than the maximum permissible power 
of a handheld device.
At the receiver end, six narrowband-mode receivers were used to record the power level 
of six paths: the combination of the three different frequency transmitted signals, each 
received at two fixed different height-levels, 1.8m ( “L” ) and 3m ( “H” ) above ground, as 
summarised in Table 3.6. The receiver antennas used, were six typical half-wavelength 
vertical-polarised omnidirectional dipoles, two for each carrier frequency / c, each having 
Gr — 2dBi gain.
Transmitter and receiver antennas were positioned upright, with no mechanical down- 
tilt. The position of the transmitter/receiver antenna and cabling to the transmit­
ter/receiver hardware was secured with high-endurance sticky-tape onto the tripod/ 
vehicle-body.
3.5.3 Summary of Equipment
The measurement setup consists of the following parts: (1) transmitter antennas; (2) 
receiver antennas; (3) GPS; (4) odometer; (5) laptop; (6 ) commercial software; (7 ) 
cabling, power supply and other parts.
3.5.4 Recording Procedure
During the campaign, the transmitters were stationary and set at continuous-wave 
mode, i.e. a sinusoidal wave, no data were transmitted. The receivers, each having a
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Figure 3.8: Measurement equipment configuration at the communication pair ends. 
For more information on the antenna frequencies and heights, please refer to Table 3.6, 
Section 3.5.2, and Section 3.5.4. Real photographs of the equipment and radiation pat­
terns are not presented, due to them being copyright material. Txl-Tx3: transmitters; 
R xl-6 : receivers.
sensitivity of about -120dBm, were placed in a moving vehicle of an average speed of 
30km/h. The receiver bandwidth was set at 7.5kHz about each carrier measurement 
frequency. A pad attenuator was applied at the receiver end, which was dynamically 
adjusted by software, according to the signal strength level. The dynamic range of the 
receiver is discussed in Section 3.8.5. A wheel-attached odometer provided the distance 
triggering to record the power-level at each receiver, taken at 100kHz bursts (time 
resolution), every A/5 (distance resolution), where A represents the carrier wavelength. 
The recorded distance- and time-resolution suffices for the successful examination of 
both large-scale and small-scale signal components. Each recorded location-point was 
tagged with a time and GPS location-stamp, while the vehicle was covering all travelable 
streets on a maximum radius of about 2km around the transmitter. For a schematic of 
the measurement setup, see Fig. 3.8.
Note that, all antennas had a horizontal separation of at least 1.5m, which is 4.2 times 
greater than the minimum A/2 of the recorded frequencies. As a rule of thumb for no 
mutual-coupling, the antenna separation is required to be at least A/2 [OAA04], Thus, 
simultaneous transmission and recording of the received power was performed, with 
minimum induced mutual-coupling.
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3.6 Measurement Campaign C
In this section, the MCC purpose and equipment are discussed. In several runs in MCA, 
a monopole antenna was used in the receiving end, which was attached on the roof of 
the measurement vehicle. Theoretically, the monopole antenna is considered a dipole, 
when there is a large planar reflector material [Bal97], which in the measurements’ case 
was believed the car metallic roof. MCC was designed in order to study the effect of 
the recording vehicle existence on the recorded received-power values. More specifically, 
the measurements were conducted to research whether a calibration factor is required 
to match the monopole antenna measurements to those of the dipole antenna. This is 
because, during the recording process of the MCA, the receiver monopole antenna gain 
experienced slight changes with little variation in the car (e.g. door open/shut).
3.6.1 Location and Frequency Selection
Only one measurement run was conducted, in the University of Surrey campus, on a 
quiet summer early Saturday morning. This location and time was selected so as to 
have the least signal variability due to moving obstacles (passengers, cars), mapping to a 
stationary environment. It is reminded that, the recorded data were: the measurement 
location and received power.
Two frequencies were selected: a UMTS frequency (2137.4MHz) with transmitting 
power of.27dBm, and a GSM frequency (810MHz) with transmitting power of 26.6dBm.
3.6.2 Antenna Positioning
The transmitter was placed on a pole at 3m above the ground. Two receiver antennas 
were used: a typical quarter-wavelength vertical-polarised omnidirectional , monopole- 
antenna fixed at the roof of the car, and a typical half-wavelength vertical-polarised 
omnidirectional dipole-antenna fixed on a tripod. Both antennas were placed at a 
height of 1.5m above the ground. The equipment were exactly the same as in MCA; 
see Fig. 3.3, Fig. 3.4, Fig. 3.5, and Fig. 3.6. For a map with the recording positions see 
Fig. 3.9. Transmitter and receiver antennas were positioned upright, with no mechanical
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Figure 3.9: Measurement locations in MCC. The transmitter (Tx) was placed on a pole 
at 3m above the ground. The receiver antennas assumed positions noted by capital 
letters (A-S), and were placed at a height of 1.5m above the ground.
down-tilt. The position of the antennas and cabling to the transmitter or receiver 
hardware was secured with high-endurance sticky-tape onto the pole or vehicle-body.
3.6.3 Summary of Equipment
The measurement setup consists of the following parts: (1) transmitter antenna; (2) 
receiver antennas; (3) laptop; (4) Willtek commercial software Hindsite; (7) cabling, 
power supply and other parts. For the dipole antenna, an extension cable was used, 
whose loss was measured and taken into account in the calculations.
3.6.4 Recording Procedure
Fig. 3.9 plots the map of the University of Surrey campus, and the travelled line, 
where 19 locations are noted by capital letters (A-S), the transmitter location is noted
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with Tx, at the back corner of the BA building. In each location, the received-power 
was recorded, in a two minute stationary recording-interval. The measurement was 
conducted with the monopole antenna first, then the vehicle was removed and the 
recording was repeated with the dipole antenna. This practical-based technique was 
preferred to finding the radiation pattern of the monopole antenna, when attached on 
a metal plate, or part of the car frame, inside the anechoic chamber. This is because, 
during the MCA, slight variations in the recorded signal were experienced, due to change 
of the car condition, which were not relevant to the car roof (e.g. doors open/shut). 
Note that, bringing the entire car inside the anechoic chamber for measurement was 
not a practical alternative.
3.7 Discussion on the Antenna Radiation Patterns
This section provides a brief discussion on the induced errors, in all measurement cam­
paigns, due to the non-ideal antenna radiation patterns. These, degrade the accuracy 
of the the received power-level measurements.
The received signal, in the studied environments, is a superposition of a direct, and 
multiply reflected and diffracted waves, each received from a different angle. The 
induced radiation pattern errors cannot be directly compensated for, without knowledge 
of the angle of arrival. However, they can be mitigated, either by averaging methods, 
performed in the mean path loss estimation, or, in the case of the fading statistics 
examination, by repetition over a large number of observations. The latter was achieved 
by re-travelling, partially, the measurement route in the opposite direction.
Note that, the peak in the elevation plots of the used antennas is not at 0°, but at 
other angles (electrical tilt). This was not considered as a problem, because due to the 
propagation multipath the signal arrived at different angles at the receiver end. For 
close to the transmitter LOS measurement-positions, where the direct path prevails, 
the recorded received signal is expected to deviate due to the elevation patterns from 
both transmitter and receiver ends. Yet, there were not as many measurement-points 
close to the transmitter, so as to take the radiation patterns into account.
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3.8 Data Pre-Processing
Before using the recorded data of both measurement campaigns, the following required 
procedure was adopted in order to get the data into a usable form. Furthermore, 
the data were tested for compliance with the sampling criteria and their validity was 
examined. The following steps were followed:
1 . the coordinate system was changed from latitude-longitude to easting-northing,
2 . the position of the each measurement point was corrected,
3. the Lee sampling criterion was applied,
4. the signal was scanned for interference sources,
5. the noise floor was determined,
6 . the LOS property was examined,
7. the path loss value was calculated.
3.8.1 Coordinate System Conversion
Each measurement position was tagged with a GPS location stamp in the latitude- 
longitude coordinate system. However, this system is not suitable for displaying or 
practical purposes, such as calculating the distance between the measurement points. 
Therefore, the coordinate system was changed to a more suitable one, the easting 
northing. This was exercised by using the British National Grid Reference conversion. 
The mathematical analysis involved in the conversion, defined by Sir George Airy, is 
not presented in the thesis. In general, the conversion problem is due to the shape of the 
Earth, which is an imperfect ellipsoid. Therefore, there is need for a different mapping 
system for each country or parts of the same country, leading to different formulas that 
convert the latitude-longitude to easting-northing. The Ordnance Survey (OS) maps, 
covering the island of Great Britain (England, Scotland and Wales), were used because 
they are in good alignment with the ground level in the measurement areas.
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3.8.2 GPS Accuracy
Due to high sky coverage by building structures the GPS accuracy was jeopardised 
and some recorded positions faced a drift from their actual location. Relocation of the 
erroneous points was addressed by equidistant placement along the travelled trajectory. 
The points that were found to lie further than 50m from their best estimated position, 
were ignored in the remaining of the analysis. This was done in order to reassure the 
reliability of the measurement points.
3.8.3 Sampling Criterion
The measurements in MCA were taken with a spatial sampling of lm, while in MCB 
with A/5. However, the recording levels could not be explicitly used for the formulation 
without being checked against the sampling criterion. In both measurement campaigns 
the Lee sampling criterion was employed, not because it is an inviolable criterion, but 
because it is widely-used as a rule of thumb. Attention was paid to the sampling and 
the averaging methods so as to maintain the sampling distance larger than 0.8A, so as 
to avoid correlated samples, which would falsify the average result.
3.8.4 Interfering Signal Scanning
Particular attention was paid to the credibility of the campaign. On this stand, prior 
to the measurement recordings in each location, an area scanning was performed by the 
receiver around the transmitter location for possible interfering signals. This was used 
to determine the existence of any alien transmission source and to filter the affected 
measurement-points. After the completion of the measurement campaigns, the power 
in each receiver was examined for abnormal and inexplicably high values. The recorded 
power was compared to the anticipated received power-level due to the free space loss. 
In order to do so, the LOS property of each recorded location was taken into consider­
ation. Additionally, in MCB, the recorded data were compared to the other recording 
frequencies.
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3.8.5 Synthetic Shadowing Channel Path Loss Prediction
In this subsection, the cut-off distance requirement is explained, exemplified with an 
artificial channel which uses synthetic data (predictor: distance, response: received 
power). A weighting function is proposed, to compensate for the receiver noise floor 
limitation, and is shown to outperform other tried techniques.
By examination of the recorded received power at large distances from the transmit­
ter and regardless of antenna heights or frequency, the received power dropped below 
the noise floor and out of the dynamic range of the receiver. Thus, the data points, 
corresponding to those distances, appeared as missing and the regression analysis was 
jeopardised. Note, that the above data point specification (missing), is used in a fig­
urative way, and that these data points are existent, yet, their corresponding received 
power is, in reality, shifted to the noise floor level.
In the attempt to determine the appropriateness of the measurement data, an artifi­
cial slow-fading channel was synthesised. The requirement for employing an artificial 
channel, instead of the actual measurements, for the purpose of the cut-off distance 
examination, is due to the former bearing controllable properties: uniform predic­
tor data and normally distributed shadowing. The COperation europeenne dans le 
domaine de la recherche Scientifique et Technique (COST) 231-Hata path loss func­
tion, which is expressed with a single formulation regardless of LOS and distance from 
the transmitter, was employed for synthesising the channel. Log-normally distributed 
shadowing (8 dB [SS99]) was superimposed. This simple channel was chosen, so as to 
provide a robust suggestion for a weighting algorithm, which will be applicable to other 
measurement-campaign regression-analyses.
Utilising the channel, the two following cases of simulated measurement-recordings were 
conducted: “set-case-a” , all the received-power data are explicitly recorded, regardless 
of the noise floor, and, “set-case-b” , the received-power values above the noise floor are 
successfully recorded, as opposed to the points below the noise floor, whose received- 
power data are erroneously recorded at the noise floor. The two defined sets of data 
points are plotted in Fig. 3.10, where “rec data” represents the “set-case-b” , and “miss­
ing data” correspond to the “set-case-a” , exclusive of the “set-case-b” data-points. Four
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different fit-lines are examined and also plotted in Fig. 3.10; the solid line (real fit) de­
notes the fitting result if all data points —  both recorded points and missing points — 
were available, the dash-dotted line (equal fit) corresponds to the fitting curve if only 
data points above the noise floor are considered with an equal weighting, the dashed 
line (weighted fit) corresponds to a curve fitting, weighted with a function, gradually 
decreasing with the distance, and the dotted line (cutoff fit) is the line-fit when only the 
points within a certain distance are considered. For a more detailed view, Fig. 3.10(b) 
plots the same fit lines, where the cutoff fit is practically coinciding with the real fit 
line. In both sub-figures, the “rec data” and “missing data” points have been partially 
stripped, so as to increase visibility of the regression lines.
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(b) Detailed view of the different fit lines
Figure 3.10: Synthetic shadow fading channel path loss data points and four curve 
fitting lines. The suggested propagation loss model is more optimistic than the actual 
path loss, unless a cutoff weighting function is employed.
The weighting function, gradually decreasing with the distance, which was conceived 
especially for this example, is explained by the following algorithm. The measurement 
points are first grouped, according to their distance from the transmitter into K sd sets; 
S& . i — 1, 2 ,..., K$d. Then, for each distance-set, 5,p. the ratio of the number of points 
within the noise floor (|5n 6  i|) to the total number of points in the group (|5 d,|) 
was recorded, where 5n is the set of the data-points at the noise floor, and | . | denotes
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the set cardinality function. Herein, it should be noted that the noise floor in each 
measurement run is not an exact number, rather a range of values. This is because 
the noise floor is actually a variable, dependent on the receiver input attenuation, 
temperature, etc. The practical 3dB value was assumed, as in [Car99]. The ratio
i = 1 ' 2  *«■  (3-2)
was conceived, as an approximate metric of the unreliability of the recorded received- 
powcr values for that group, where is the weighting factor for each group S<n- 
The weighting function (3.2) maps to data consideration (at 100% level), for recordings 
outside of the noise floor, while being gradually reducing, in accordance to the response 
data. The weighting function, of the studied example, is plotted in Fig. 3.10(b), on 
separate axis.
Comparing the effectiveness of the fit lines in fitting to the data-points, the following are 
observed. The regression analysis outcome deviates largely from the real fit, when all 
recorded data are included, which fortifies the importance for this investigation of the 
effect of the missing data-points (data-points at noise floor) on the regression analysis. 
Adversely, the best-fit result is achieved when all distant data are excluded. This maps 
to a Heaviside-step weighting function; unity for the recorded points closer than a cutoff 
distance and null further than that. The cutoff distance, considered in this example, 
and sequentially in the regression analysis of the actual recorded data-points, was set 
at the minimum distance of Sn. Other weighting functions can be conceived and tested, 
yet, since the cutoff weighting function proved to be very successful in fitting to the 
complete data “set-case-a” , none other was tried.
It remains to be noted that, for producing the model predictor-term coefficients, the ac­
tual recorded data were used in the regression analysis. This implies, that the synthetic 
data are used solely for verifying the validity of a cutoff distance consideration.
3.8.6 GIS Database and LOS Confirmation
During the propagation loss formulation there was extensive use of the GIS database. 
The utilisation was for defining the building boundaries e.g. in the LOS property
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examination, and for getting information about the road e.g. for measurement point 
positioning corrections.
Prior to its use, a confirmation for compliance of the recorded measurement points 
with the GIS database was conducted. During this procedure, the GIS database was 
corrected according to the recorded measurement-points for roads or segments of roads 
which were absent from the database but existent in reality. For this step satellite 
images of the measurement areas were employed.
After getting the GIS database and the measurements on the same line, the database 
was put to use; the LOS property of each measurement point was cartographically 
verified. However, the unimpeded LOS property, based solely on the GIS database, 
was not treated as an absolute criterion. Moreover, the first Fresnel zone was sought to 
be cleared of obstructions, buildings, vegetation or water alike. More specifically, the 
measurement-points lying behind vegetation- or water-areas were excluded completely 
from the mean path loss formulation process. This was done, in order to protect the 
processing equity. It is noted that among the possible foliage types, only parks are 
characterised as vegetation areas, whereas data-points behind gardens, hedges, etc. 
were included in the regression analysis. This was because the GIS foliage database 
provided details only on the park clutter. The number of measurement data-points 
behind vegetation was not adequate so as to perform statistics in order to potentially 
derive foliage calibration factors.
An example of some measurement points being excluded due to them lying behind 
vegetation is shown in Fig. 3.11, where the points are plotted with circles, with the 
magenta colour specifying acceptable points and with green the rejected. The trans­
mitter location is plotted with a red dot. If the green points that arc within LOS are 
included in the regression analysis, they will deviate from the LOS curve, as a result 
of the additional foliage losses. They appear as outliers and reduce the effectiveness of 
minimising the mean path loss model error. It is noted however that the green points 
are taken into account at the mean path loss evaluation and shadowing modelling.
The remaining data were divided into two categories depending on their LOS property. 
In succession, measurement points that were found to be in LOS with the transmitter,
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Figure 3.11: Exclusion of points lying behind vegetation. Portland Place, run 5.
by using the GIS, were double checked for the validity of that property by using satellite 
images.
It remains to be analysed here one contradiction that can be observed if the LOS prop­
erty is defined by the first Fresnel Zone clearance. This Fresnel ellipsoid is plotted in 
Fig 3.12, where the transmitter antenna is positioned at one focus while the receiver lies 
at the other focus of the ellipsoid. The link between the Base Station (BS) transmitter 
(below roof-top height) and a Mobile Station (MS) receiver antenna is plotted, along 
with the ground. From the plot, which shows a vertical cut, in can be seen that the 
ground is obstructing partly the ellipsoid. Although the obstruction by the ground, 
regardless of the distance between antennas, for the typical height configuration, the 
obstacle does not lie between the foci. Hence, the LOS property should be decided on 
the Fresnel Zone clearance at a horizontal cut.
Fig 3.13 shows an example from Holborn run 1, where the measurement points that 
were found to be within LOS with the transmitter are plotted with magenta crosses, 
the buildings are plotted with black solid lines, the road centres are plotted with black 
dashed lines and the transmitter location is plotted with a red dot.
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Figure 3.12: First Fresnel zone ellipsoid. Vertical cut.
Figure 3.13: Measurement points within LOS with the transmitter. Holborn. run 1 .
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Table 3.7: Parameter definition.
Parameter Definition Value
Pr Transmitter power . 30dBm
Gt Transmitter antenna gain 3.3dBi
Lr Transmitter cable loss l.ldB
Gr Receiver antenna gain OdBi
L r Receiver cable loss
l.ld B  car/pocket/briefcase 
4.2dB high/low
Pr Receiver power measured [dBm]
3.8.7 Path Loss Value Extraction
The propagation loss values, which are used for the follow-up curve fitting, are calcu­
lated by:
L =  Pt  +  (? t — L t +  G r  ~  L r  — P r  (3.3)
where parameters P r ,  G r ,  L y ,  G r , L r ,  P r  are defined in Table 3.7. All variables are 
expressed in decibels. The same table also provides with the variable values for the 
MCA. Note that, for the case of unfavourable receiver antenna placement, the effect of 
the immediate environment on the antenna radiation pattern was not studied. Thus 
the correction variables that are expected to be derived by the examination of this case 
will have this effect incorporated.
As an application of (3.3), in the case of the receiver being at MCA H /L height, the 
path loss is derived by L — (30 +  3.3 —1.1 +  0 — 4.2) — P r  =  28 — P r ] whereas, in case of 
the receiver being in the Car/Pocket/Briefcase, by: L — (30+3.3 —1.1 +  0 —1.1) — P r  =  
31.1 — Pr. Other equations are defined for the MCB accordingly.
Fig 3.1 plots the measurement data collected from three measurement runs, one from 
each area. The first row of subplots show the coordinate data, where red dots represent 
the location of the measurement points on the map, gray rectangles depict the buildings, 
black lines show the road centre, green spaces are the vegetation covered areas and the 
purple square defines the transmitter location. The axes are in the OS system. The
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second row of subplots show the derived path loss by using (3.3) over the travelled 
distance, expressed in measurement points. The third row of subplots show the same 
path loss over the distance from the transmitter. Column-wise, the figures are given for 
the following runs in order of appearance: VHH at Portland Place, VHL at Holborn, 
HH at Kingsland Road.
Fig. 3.14 shows the variation of path loss with distance from the transmitter for all 
different antenna configurations and measurement areas. Some immediate observations 
from this figure are the following:
1. The path-loss slope changes significantly over the range of measured distances; 
the slope alters to a much steeper angle as the distance from the transmitter 
increases.
2. The path loss increases as the transmitter height decreases and this is more evi­
dent at short distances from the transmitter.
3. The path loss is also larger for lower receiver-heights, which is again more apparent 
at short distances from the transmitter.
4. Unfavourable receiver placement leads to significantly more path loss.
5. At greater distances, less urbanised areas are characterised by less path loss.
3.9 Comparison of the Measurement Data with Existing 
Models
Existing literature non-time-dispersive empirical propagation models which are exten­
sively used in network planning are: the International Telecommunication Union -  Ra­
diocommunications sector (ITU-R) [IR], the COST 231-Hata [COSb], and the Wireless 
world INitiative NEw Radio (WINNER) II [IST07] models. This subsection evaluates 
the applicability of the above models for low-height terminal systems, by comparing the 
mean path loss prediction with the actual recorded values, as also done in [AWC+ 05].
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Figure 3.14: Variation of path loss over distance from the transmitter for all MCA 
antenna height configurations: (a) VHH, (b) VHL, (c) HH, (d) HL, (e) LH, (f) LL, 
(g) Hi-Car.
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Table 3.8: Assumptions for the models which are compared to the measurement data.
ITU-R COST231-Hata WINNER II
LOS within street canyons
NLOS within street canyons effective height 0-2.7m [IR] scenario B1
road width 10—27m [IR]
50% upper +  50% lower limit
It should be noted that the studied transceiver heights and distances from the trans­
mitter are partially out of the models applicability range, yet, the actual heights and 
distances were used, so that the extrapolation of the tried models towards the uncov­
ered region is tested. Furthermore, some combinations of low transceiver heights and 
effective heights, produce complex numbers in the output of the prediction path loss 
function. These values are excluded from the calculations. Other assumptions for the 
path loss estimation by using the above models are given in Table 3.8. Note that the 
averaging of the upper and lower limits defined in the ITU-R model is done in the 
logarithmic scale, because otherwise the upper limit would prevail.
Fig. 3.15 shows the statistics of the prediction error. The upper subplots show the mean 
error between the measured and predicted propagation loss and the lower subplots show 
the Root Mean Squared Error (RSME) for the same locations. From the figure it can be 
boldly concluded, that the candidate models are not suitable for low-height-terminal 
propagation loss predictions. The tried models are either more optimistic or more 
pessimistic than the measured path loss. The performance of the WINNER II model is 
the worst, probably due to its formulation outside the region of the studied parameters. 
All models perform better in the MCB, probably because the antenna heights are closer 
to the models’ applicability region.
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Figure 3.15: Statistics of the prediction error between three models and measurements.
3.10 Analysis Strategy
3.10.1 Fitting Models
Having established the necessity to extend the models’ validity to the measured low- 
heights, it seems more appropriate and practical to develop a propagation model based 
on the guideline-form of the existing, found in literature. Some attributes which the 
developed model is sought to have are:
1. Inclusion of the studied parameters: path-loss slope-coefficient, frequency, trans­
mitter and receiver height, and environmental effect.
2. Continuity, even if it consists of different slopes. However, there are examples 
of non-continuous model suggestions, where the prediction steps abruptly to a 
different value at the breakpoint distance [BerOO]. This effect was avoided due to 
no physical interpretation for the step function.
3. Coverage of the typical heights (0.5-3m) and ranges (3m-3km) required in a 
low-height terminal communications-system. The 0.5-1.5m heights are represen­
tatives of a mobile node and the 3m height of an access point, fixed at a street 
furniture. Closer range estimations are required for either LOS or Non Line-Of- 
Sight (NLOS) predictions, while longer range are required for the interference
3.10. Analysis Strategy 71
calculation.
4. Expression in a tractable form, thus featuring high speed of execution, in order to 
be useful for network planning, especially for running feasibility and interference 
analyses.
5. Limited reliance on detailed knowledge of the environment.
6. Primary aim at estimating the channel in a dense urban, or urban, and secondarily 
in a suburban environment. This is because street-level communication will be 
mainly used in built-up areas.
The developed model is required to fill in the antennarheight gap, which is left out of 
the applicability range of its counterparts, and, therefore, re-evaluation of the effect of 
the different variables is required.
3.10.2 Regression Analysis Techniques
Regression analysis was used to fit the models to the recorded data. The process of 
the model fitting, more specifically the type of regression (linear, stepwise, robust, 
predictor and coefficient selection, etc.) varied according to the particularities of the 
data, such as the LOS property and on measurement set, MCA or MCB. In every case, 
the parametric empirical model was derived by regression estimates of the parameters 
(frequency, distance, heights, environment) from the data, so that the model parameters 
were calibrated to reflect the data-points’ response.
Linear regression analysis, least squares algorithm more specifically, was used for single­
slope fitting to the data. Linear and nonlinear regression analyses were used to calculate 
the parameters of the two-slope model. The functions describing the models are first 
presented, followed by an explanation of the processing techniques.
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Single- and two-slope regression models
The functions describing the single- and two-slope model functions are presented in (3.4) 
and (3.5) respectively [SZK+03],
L =  Lq lOn log d clHt +  bhr  +  C  +  ... (3-4)
✓
| ci +  10ni logd + ...  if d < Xb .
L — < (3-5)
lv ci +  10ni log Xb 4- 10n2 log(d/xb) +  ... if d >  Xb
where, for both functions, L is the mean path loss and d is the distance from the trans­
mitter. The ellipsis (...) indicates the possible existence of more terms in the model, 
e.g. frequency dependence, product of terms, etc. The ellipsis is omitted onwards on 
the analysis for simplification purposes. For the function defined in (3.4), n is the slope 
coefficient, /it and /ir are the transmitter and receiver antenna heights respectively, 
C is the calibration factor for the environmental effect, and Lq, a and b are constant 
parameters. For the function (3.5) ci, ni are the constant and the slope coefficients 
respectively, calculated regression to the data which lie before the breakpoint distance 
Xb, n2  is the slope coefficient of the second slope, and d is the distance from the trans­
mitter. In order to include the effect of the frequency on the propagation model, an 
additional term as a function of the frequency, log can be included on the presented 
formulas.
It is noted that the presentation of the models finishes with the two-slope formula 
and does not continue with a three or more-slope expression. This is partly because 
three- or more-slope models are hardly found in published literature. What is more, 
the analysis of the measurement data-points will reveal that a three-slope formulation 
is not expected to be of interest, see Section 4.1.2.
The breakpoint distance Xb, which corresponds to the first Fresnel zone touching the 
ground level, is theoretically obtained by using the approximate formula
4
xb «  (3-6)
where /it is the transmitter antenna height, /ir is the receiver antenna height, and A is 
the wavelength [XBM+93] However, due to the traffic of vehicles, especially during the
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daytime in the urban measurement areas, when the recordings were taken, the effective 
height of the road ho should be used, as was suggested in [MKA02], The effective height 
ho is included in the following formula
xb «  j ( h r  -  ho)(hK -  h0). (3.7)
Joint single- and tw o-slope regression m odel
Especially in the nonlinear regression of the conglomeration of the data-points, another 
regression model can be conceived. This is useful for measurement campaigns, where 
in some of the height configurations, one or both of the communication pair terminal 
antennas (/iti^r) are situated lower than the effective road height ho-
This model consists of two branches: two-slope, when /it, /ir > ho (branch I), and 
single-slope model, when /it  < ho or hr  < ho (branch II). The examined model, in 
branch II, is assumed to have the same predictor terms and coefficients as the second 
slope of the branch I, apart from the constant term, which is calibrated to the branch II 
data-points. This is because, in branch II, all the data are sought to lie entirely on the 
second slope of the same (branch I) two-slope model. Therefore, the branch II can be 
thought of as the continuation of the branch I, so that the model presents concurrency 
attributes. This model demonstrates a novel approach in fitting to the data-points.
Predictor terms
With respect to the regression-analysis predictor-terms, these were selected according 
to the existing path loss formulations, and are summarised in Table 3.9 and Table 3.10. 
The selection of the predictors was such so as to include most of the terms appearing 
in the literature models that were presented. Other models can be approached by 
excluding specific terms form the regression analysis.
In the predictor terms which are dependent on the antenna heights in the logarithmic 
scale, the effective road height ho is also included. Whereas, in the linear scale, the 
inclusion of the effective height ho is not required, as its effect can be incorporated into 
other terms e.g. the constant term. The effective height is actually a variable, because
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Table 3.9: Stepwise regression analysis terms for the Measurement Campaign A.
Predictor Terms
10 log d 10/it log d log(/iT -  h0)
hr 10 log hr log d log(/iR -  h0)
log hr 10/jr. logd log(/iT -  ho) +  log(/iR -  h0)
hR 10 log hR log d 10 log(/iT — ho) log d
log hR 10 (hr +  /ir) logd 101og(/iR -  ho) log d
hr +  hR 10(log hr  +  log /ir) log d 10[log(/iT -  ho) +  log(/iR -  /i0)] log d
log hr +  log /ir Hr
Table 3.10: Additional predictor terms for the Measurement Campaign B.
Predictor Terms
log/c
hr log / c log hr log / c log(/iT ~ h0) log / c
/*Rlog / c log hR log / c log(/iR -  h0) log f c
(hr +  hn)log f c (log hr 4- log hR) log f c [log(/iT -  h0) +  log(hR -  /io)] log f c
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its value is unknown and is calculated by the regression analysis. However, its inclusion 
as a regression coefficient creates difficulties to the analysis: the linear regression (single- 
or two-slope fit) is rendered to nonlinear regression, and the nonlinear regression (two- 
slope fit) fails to produce results, due to jeopardised matrices calculated by the nonlinear 
search methods. Therefore, a different technique was employed, in which different 
effective road height ho values are tried, within the possible value range. Thus, by 
trials of multiple regression analysis, linearity is preserved.
The same terms can be used in both branches of fitting: LOS and NLOS. For a more 
general search, in the nonlinear two-slope fitting, the term coefficients, before and after 
the breakpoint can be disengaged and, therefore, considered independently.
The compatibility of the predictor terms was based on the following rule for no­
permission to the model:
1. Predictors of different scale but referring to the same quantity are not permitted 
in the model. This rule is not mandatory for the regression applicability, yet, 
small changes, such as height changes, in logarithmic predictors, are virtually 
linear. This yields to ill-conditioned Jacobian matrices. Therefore, and because 
predictors-of-different-scale existence is not found in any literature model, their 
permission as initial term consideration to the model should be avoided.
2. Summation-of-several-quantities predictors and the same quantity predictors (in­
dividually) are not permitted in the model. This type of no-permission is re­
quired in the regression analysis, because it maps to either of the following: 
correlated predictors or, equivalence to other models with terms which do not 
fall into the no-permission category. An example of correlated predictors is: 
ah'Y+bhji+c(hT+hn), which leads to singular matrices during the regression anal­
ysis. An example of equivalence to other models is: afix+K ^T+hR) =  cfiT+dhji. 
Note that the coefficients a, b, c, and d are auxiliary real numbers, referring only 
to the above examples.
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Explanation of the regression strategy
The regression analysis to the single-slope model can be easily performed by converting 
the model to a multi-linear form L — Lq +  n{101ogd} +  a /it +  Wxr +  C, where the 
coefficients to be estimated are: Lq, n, a, b, and C  and the predictors are: 10logd, 
hx, and Ar. In the two-slope model, a similar conversion to a multi-linear form is 
also possible, provided that the regression analysis is performed on either side of the 
breakpoint distance Xb, separately. In this case the multi-linear form of the first slope 
is L — ci +  ni {10 log d}, where the coefficients to be estimated are: ci and txi and the 
only predictor is: 10 log d. For the second slope, the form is L — c\ — 10ni log Xb =  
n2 { 1 0  log(d/xt,)}) where the sole coefficient to be estimated is: 7x2  and the only predictor 
is: 101og(d/xb)i since the rest of the parameters are already calculated from the first 
slope. Thus, the second slope is a linear regression excluding the constant term, so as 
to maintain the function continuity. However, the execution of the regression analyses 
separately, and more specifically the dependence of the second slope constant-term 
from the first slope, causes uncertainty on the credibility of the result being the best- 
fit. Furthermore, if the dependence of the breakpoint distance Xb from the frequency 
f c and the antenna heights (At,Ar) are also considered, then the nonlinear regression 
analysis is unavoidable. In the nonlinear regression analysis the estimation is based on 
search methods from optimisation, is prone to the initial coefficient choice, and therefore 
may not yield to the best-fit solution [BW88]. To control the problem of performing 
a follow-up regression analysis, biased to the outcome of an initial one, it is possible 
to execute a nonlinear regression analysis to the conglomeration of the measurements, 
instead of executing it separately on either side of the breakpoint. By doing so, the 
RMSE of the two-slope model can be further minimised.
Thus, two different techniques were tried, in order to fit the recorded data to a two- 
slope model: for each antenna independently and for the aggregate set of the available 
data, regardless of antenna height and frequency. The separate regression, in the former 
process, is mapped in different antenna height configurations, in MCA, and different 
antenna height and frequency, in MCB. This technique was performed in order to inves­
tigate, whether,the breakpoint distance was dependent on the frequency and antenna
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heights. The latter approach is aimed at calculating the coefficients of the model in 
a statistically sound manner. The inappropriateness of the former regression method 
in producing the best-fit model, is due to each antenna height and/or frequency con­
figuration having been sampled with different number of observations. Developing an 
average model from the different configuration scenarios, would be as if equalising the 
statistical uncertainty of each individual regression analysis.
In both linear and nonlinear regression analyses a technique similar to the backward 
stepwise robust regression was used. The selected method starts with several candidate 
terms and performs data fitting to the model. In succession, it executes two tasks: 
tests the model terms one after the other for statistical significance, and calculates the 
confidence bounds of the fitting coefficients. The method then deletes the insignificant 
terms from the model. When the model is free from insignificant terms, the method 
deletes the terms which are qualified by great confidence bounds. The rejection of the 
model terms, due to insignificance, is based on the hypothesis test, of the term to have 
a zero coefficient. The exit tolerance is set at 0.10, i.e. the model term is removed only 
if this hypothesis cannot be rejected with more than 90% certainty (p—value >  0.10). 
The employed hypothesis test is linear or nonlinear according to the linearity nature 
of the fit. The threshold for rejection of the model terms, due to them having great 
confidence bounds, was set at 350%. This high tolerance of standard error is because 
the goal of fitting to the recorded data is not to extrapolate the best fit to predict 
the path loss in other-than-studied parameter ranges, as these are covered by existing 
models. Adversely, in the exploration of the behaviour of the propagation parameters, 
minor overfitting of the model to the data is permissable. Nevertheless, overfitting was 
found scarcely in the regression, because of the large volume of recorded data-points. 
Note, that as a rule of thumb, the sufficient number of samples per screened variable 
(not per model term) is felt to be 10—15, although this claim has no theoretical research 
background. The number of samples in the thesis regressions were at least tenfold this 
practical number. Readmission of the excluded terms to the model was not permitted. 
This varied stepwise method, which was programmed in order to retain control over the 
process, was found to be quicker and producing essentially the same modelling output 
as other stepwise techniques. More information on regression analysis can be found
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in [Mat05].
Outliers and Weighting Functions
The main disadvantage of the regression analysis is its sensitivity to outliers. These are 
the measurement points that lie an abnormal distance from other values, and therefore 
are “bad data-points” , and have a large influence on the fitting process. This is due 
to the squaring the residual errors, which magnifies the effects of these extreme data- 
points. In order to avoid their effect, the outliers were either identified and excluded, 
or their effect was mitigated by using weighted regression. If the outlier problem is 
not treated, the fitting-curve was found to change due to the “bad data-points” . This 
was more evident the higher the non-uniformity in the distribution of the distance 
data-points,
The characterisation “bad data-points” is used herein for the outliers due to their 
negative effect on the fitting process, rather than due to receiver failure, human error, 
etc. The existence of outliers can be attributed to a variety of reasons: imperfect 
antenna radiation patterns, GIS database unavailability, street furniture that dominate 
the direct low height paths, ground roughness (see Table 3.2), etc. The above causes 
can be believed to have an effect on LOS and NLOS propagation links.
The outlier identification was performed by using the Grubbs Test [Alf05], and the data 
found further than the inner-fence were excluded (mild outliers elimination). Alterna­
tively, iteratively re-weighted least-squares with a typical bi-square weighting function 
was performed. Fig. 3.16 plots an example of outlier data recognition and elimination, 
where the measurement data points are plotted with crosses and the outliers are circled.
When weighted regression was employed (robust regression), several different weighting 
functions were tested for bet-fit. This weighting is performed in the y-axis (path loss 
axis) and must not be confused with the weighting function which was suggested for the 
x-axis (distance); see data-point scatter-plot of Fig. 3.16. The most popular weighting 
functions, which are used in robust regression analysis, are: bisquare, logistic, andrews, 
cauchy, fair, huber, talwar, and welsch. The weighting functions are provided in [Hub81]
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Figure 3.16: Outlier data in a typical measurement run.
and they are plotted in Fig. 3.17 for a brief discussion on their impact on the model 
estimations, which follows.
The most popular weighting function, among the presented ones, is the bisquare, which 
as seen in the figure, rejects all data lying more than one standard deviation from the 
regression curve. It also features the steepest decline in weighting values with an 
increasing regression residual r. However, this dramatic change in weighting, among 
the data, may be responsible for unsuccessful regression, due to being biased to one 
or more specific measurement scenarios (antenna height and frequency configurations). 
This is because, due to the nature of the regression, where the minimisation of the 
errors determine the curve coefficients, the uneven volume of measurement points in 
each scenario, maps to biased curve fitting towards the scenarios featuring the most 
volume of data-points. As mentioned, the consideration of a weighting function, such as 
the bisquare, rejects entirely (w =  0) the data-points which lie one standard deviation 
from the curve. Thus, the regression error is artificially minimised, due to the exclusion 
of the said data-points, which are considered as outliers, and the derived best-fit model 
fails to perform well in all scenarios.
Therefore, the best performing weighting function is an open issue, which is purported 
to be resolved by the following trial algorithm, before the initiation of each regression
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Figure 3.17: The most popular weighting functions, which are used in robust regression 
analysis. The functions are plotted only for positive normalised regression residual r. 
BIS: bisquare; LOG: logistic; AND: andrews; CCH: cauchy; FR: fair; HBR: huber; 
TLW: talwar; WLS: welsch; OLS: ordinary least squares
analysis. The precess is based on regressing a known synthetic shadowing model, and 
is summarised by the following:
1. The appropriate model for a synthetic channel is chosen. The channel model 
selection is based on the predictor terms which are applicable to each case, e.g. 
MCB requires frequency-related terms, whereas MCA does not.
2. Mean path-loss predictions are derived using the above model. The sample size 
per scenario is chosen to be matching exactly to the one from the measurements.
3. Shadowing is added according to literature [SS99].
4. Repetitive regression analyses to the synthetic data-points are performed, employ­
ing all different weighting functions. Ordinary-least-squares (w — 1, 'ir G 5R) is 
also performed. The resulting model coefficients and path loss prediction values, 
are recorded for each weighting function.
The definitive weighting-function selection is made, according to the weighting function 
performance.
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It remains to be noted that the weighting-function method was preferred to the more 
robust technique of outlier-elimination, due to the latter offering only a binary choice. 
Furthermore, in the case of weighting function usage, these were applied equally at 
either side of the fitting curve (two-sided), towards higher and lower path loss values. 
This was because both the employed receiver and the aspiring models have a logarithmic 
character, so that the gravity of the outliers is even.
Adaptive Coding Technique
The joint single- and two-slope model requires a dynamic regression coding, which 
decelerates the analysis. To overcome the speed problem, a adaptive coding technique 
can be used, instead of randomly selecting the initial predictor-terms. In this learning 
technique, the successful predictor-terms were stored for trial in succeeding iterations, 
with a greater preference order.
3.11 Conclusions
In this chapter, three measurement campaigns were discussed. The recorded data 
in all campaigns were the received power level at a given position, the location of 
the said position on the map, the transmitter output power-level, and its location 
on the map. The measurement campaigns ranged in antenna heights which are not 
thoroughly covered in the literature, with the aim to produce accurate models for these 
altitudes. Many measurement runs were conducted in order to gain advantage of the 
data repeatability.
The measurement-data pre-processing was also discussed, with pertinent articles being 
the GPS accuracy and the choice of sampling criterion. A synthetic shadowing channel 
was also proposed to predict the path loss and to test various weighting functions. The 
cut-off distance (unit-step weighting function) was suggested as being the appropriate 
throughout the follow-up regression analyses. A comparison of the measurement-data 
against the predictions by employing the most widely-used models, was also conducted, 
showing that modification are required for the street-level height range. The chapter
82 Chapter 3. Measurement Campaigns
finished with an extensive section on the analysis strategies that is employed in the 
next chapter, which presents the results.
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Chapter
Mean Path Loss Models
In this chapter, novel empirical models, for low-height terminal communication-links, 
are proposed. All proposed models are original contributions that were derived from 
this this study. For the terminology low-height, the range 0.5-3m above ground is 
considered. The new models have equations which are based on popular empirical 
models. The effects of typical factors are analysed (e.g. transceiver heights, frequency, 
environment) from a large number of measurements. The related model-terms are 
derived and the formulas are calibrated to best estimate the low-height communication 
characteristics.
Table 4.1 summarises the models which will be discussed in the thesis. The presented 
models are named Konstantinou Empirical Model (KEM) and a subscript is employed 
as an index.
Note that, in all presented models, the involved heights and distances (/?,t, h.j{, d) are 
expressed in metres, the carrier frequency ( / c) in MHz, and the path loss estimations 
L in decibels. Also note that the root-mean-squared fit-error, referred to in the re­
maining of the thesis as fit-error, is provided with each model. Although this quantity 
is expressed in decibels and is essentially a metric of the signal variability about the 
mean path loss, it is not directly comparable with the shadowing, which is examined 
in the next chapter. This is because the fit-error is reduced due to the regression anal­
ysis robustness (outlier elimination, data-points behind vegetation- and water-areas,
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Table 4.1: Main features of the models that are derived from this thesis study. MC: 
Measurement campaign; Attr: attribute___________________
Model MC LOS Slope
name name attr. No
KEMi A LOS single
k e m 2 A LOS single
k e m 3 A LOS single
k e m 4 A LOS single
k e m 5 A LOS two
KEM6 A NLOS single
KEM7 B LOS single
k e m 8 B LOS two
KEMg B NLOS single
weighted regression, etc.)
The rest of the chapter continues with the presentation of the models, first the ones 
derived from the Measurement Campaign A (MCA) data-points and then from the 
Measurement Campaign B (MCB). In each campaign the Line-Of-Sight (LOS) branch 
is analysed first. A single- and a two-slope model fitting is presented for LOS commu­
nication. Linear and nonlinear methods are tried for two-slope modelling. A discussion 
about the effect and applicability of the theoretical breakpoint distance is provided. 
The chapter continues with the presentation of the Non Line-Of-Sight (NLOS) model 
branches. A single-slope model is suggested, however, an examination of potential slope 
coefficient change with the distance is also performed.
Scatter plots and model fitting success metrics are provided in the relevant subsections. 
All suggested models’ coefficients and predictions are compared against their literature 
counterparts. A discussion on the effective road height and its effect on the mean path 
loss is also included in this chapter.
The chapter finishes with an evaluation of the models performance and the examination 
of the LOS probability. The former is performed by challenging the suggested models
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against all the recorded path loss values, inclusive of those excluded from the regression 
analysis (behind vegetation- and water-areas, outliers, etc.) The models derived from 
MCA were evaluated with data from MCA and MCB, and the models derived from 
MCB with data from MCA and MCB. Following the presentation of the performance 
statistics, the LOS probability, which is used to “shape” the mean path loss models in 
later chapters, is calculated and its applicability is explained.
4.1 LOS Model from Measurement Campaign A
4.1.1 Single Slope Model
Before presenting the results of the regression analysis, the most appropriate weighting 
function is found. The model selected for producing synthetic data-points was the COp- 
eration europeenne dans le domaine de la recherche Scientifique et Technique (COST) 
231-Hata, for the conducted measurements carrier frequency / c. The “huber” weighting 
performed best in estimating the model coefficients with more precision (Fig. 4.1(a)), 
whereas the “fair” in minimising the error in the path loss estimations (Fig. 4.2(a)). 
The latter was used in the single-slope regression of MCA LOS single-slope model.
The results of the regression are summarised in Table 4.2, where several different types 
of fit-models are presented for discussion. This is done so as to perform a step-by-step 
analysis of the effect of each model predictor, rather than simply expressing the best-fit 
result. It also facilitates the straightforward comparison with the existing models.
C
oe
ffi
ci
en
t 
Es
tim
at
io
n 
Er
ro
r 
(H
J 
C
oe
ffi
ci
en
t 
Es
tim
at
io
n 
Er
ro
r 
[%
) 
Co
ef
TS
ci
en
t 
Es
tim
at
io
n 
Er
ro
r 
[%
] 
C
oe
ffi
ci
en
t 
Es
tim
sb
on
 
Er
ro
r 
(%
)
8 8 Chapter 4. Mean Path Loss Models
40
35 
30 
25 
20 
15 
10 
5 
0
C log d hr log hT log hT  log d
Predictor Terms
(a) LOS single-slope model
I X  
X 
60 
40
20 
0
(b) LOS two-slope model
log d hr
Prsdetor Terms
log hT
H i
log hT logd
(c) NLOS single-slope model
n 0  *  nTI C  n f f  «T bT nTT C* 
Predictor Terms
(d) NLOS two-slope model
Figure 4.1: Errors of the different weighting functions in estimating accurately the 
synthetic channel model coefficients. The apostrophe denotes predictor terms for 
distances further than the breakpoint d > x\,. Measurement Campaign A.
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Figure 4.2: Error scatter-plot of the different weighting functions in producing path 
loss estimation close to the synthetic channel. Measurement Campaign A.
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The model of the simplest form is when the antenna heights and the environment 
have no effect on the path loss (KEMi), so that only the patli-loss slope-coefficient 
n is present in the model, as in [PDRB99, WTN04, PKC98]. The effect of inclusion 
of the antenna height terms is then studied, but ignoring the effective road height 
ho, with a reciprocal (KEM 2 ), as in Green et al model [GO02], or a non-reciprocal 
(KEM 3 ) expression, as in Konstantinou et al model [KKT07]. KEM 4  includes the 
slope-coefficient n dependence on the antenna heights (/it, /ir) and the effective road 
height ho, as in the COST 231-Hata model [COSa]. KEM 4  includes all the predictor 
terms, so as to calculate the best-fit values.
The coefficients ai, &i, and refer to the predictor terms log /it, log /ir, log(/iT — 
ho) and log(/iR — ho) respectively.
The simplest in expression of the fits, KEMi, has a more pessimistic path-loss slope- 
coefficient n, than the other single-slope models [PDRB99, GO02, WTN04, PKC98], 
probably due to the placement of the antennas closer to the ground. The introduction 
of the path loss dependence on the antenna heights, in KEM 2  and KEM 3 , reveals the 
expected result of reduction of the loss with a higher antenna placement. In KEM 2 , the 
path-loss slope-coefficient n remains at practically the same value. The antenna heights 
take part in the formula in the logarithmic scale, as in the Green et al model [GO02], 
although the best-fit coefficient of the heights differs from the one suggested in the same 
model. This difference may be due to the lower considered heights or the frequency 
effect on the this coefficient. In KEM 3 , the path-loss slope-coefficient n practically 
remains unchanged, and the receiver height in linear scale was found to perform better. 
The latter is also found in the expression of the COST 231-Hata model [COSb].
The following can be noted for the best-fit (KEM 4 ) model:
1. The path-loss slope-coefficient, n, is a monotonically decreasing linear function of 
two variables, the transmitter hx and the receiver height / i r , n — no +  nxhx  +  
nR,l l°g ^R, where ?io is a constant, nx  is the slope-coefficient decrease with the 
transmitter height hx, in the linear scale, expressed in m-1 , and h r i is the slope- 
coefficient decrease with the receiver height hx, in the logarithmic scale. For the 
studied transmitter antenna height range, the slope coefficient n 6  (2.76,3.31),
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range which includes the other suggested model n values. The model, thus, 
suggests a realistic path loss optimism with increasing transceiver heights.
2. The receiver height / i r  calibrates the path loss estimation explicitly within the 
range (-3.54,+6.05)dB.
3. The environmental effect takes part in the equation as an explicit calibration 
parameter.
4. The effect of the effective road-height ho was tested by trying different values 
(ho =  0, 0.5,..., 0.45m). By doing so, the effect of the effective height ho was 
studied without converting the regression to nonlinearity. However, there was no 
case of practical improvement in the model fitting by inclusion of the effective 
height ho, thus the trivial case (ho =  0 ) is selected.
The best-fit model (KEM 4 ) is
L* ™ 4  -  29.4+ 10(3.23 -  0.14/it  -  0.468 log hR) log d -  20.1 log hR +  C  (4.1)
( 4.30 dense environment (/ir >  12m) , ,
C =  < “  (4.2)
I 2.27 suburban or urban (h& <  12m)
KFMwhere /ir is the average building height expressed in metres, LLOg 4  is expressed 
in decibels, d, ht  and /ir  are expressed in metres. Comparing the mean path loss 
function of (4.1) with the one from [KKT07], although the coefficients differ, the mean 
propagation loss predictions agree well within the scope of the studied parameters 
(4 < d < 400m, 0.5 < h^ <  3m, 0.5 < /ir <  1.5m, 10.2 <  /ir <  19.3m, f c in Universal 
Mobile Telecommunications System (UMTS)).
Fig 4.3(a) plots with several lines the best-fit model KEM 4 ; each line corresponds to 
a different antenna height configuration, which displaces the path loss function on the 
y-axis and changes slightly its slope. The model appears to agree well within the 
range of distances, antenna heights, and environments studied. The path-loss slope- 
coefficient variation with the distance is studied further, later in this subsection. Note 
that, some path loss lines appear as having discontinuities. This is because of the
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environmental effect; each antenna height-configuration line represents both urban and 
suburban environments.
Fig. 4.3(b) plots a comparison between the two suggested models (4.1) and (2.16) with 
several lines corresponding to the different antenna height configurations. The two 
models practically coincide in the studied parameter ranges when compared, over the 
main volume of the parameter recordings; see Table 4.3. The same table summarises 
the statistics of the comparison between the suggested best-fit model (KEM 4 ) and 
other literature models, by using the same volume of parameter recordings. It is re­
minded here that the aspiration of Table 4.3 is to compare the proposed model to its 
published literature counterparts (model-to-model comparison). Any comparison of 
the type model-to-data would be unfair, due to the suggested model being “tuned” to 
the evaluation data-points, and as such, it is expected to outperform all other models. 
Model-to-data comparison are performed in Section 4.6, by taking advantage of the 
MCB' data-sets, which were not used in the derivation of the MCA model coefficients.
The KEM4  model agrees remarkably well with the International Telecommunication 
Union -  Radiocommunications sector (ITU-R) LOS average path loss (between the 
upper and lower limits), Wireless world INitiative NEw Radio (WINNER) II LOS, a n d 
Har et al LOS models. This does not contradict to the results presented in Fig. 3.15(a), 
because in this subsection, only the LOS points are included in the calculations, and the 
ratio of the number of LOS to NLOS data is almost half (49.8%), in MCA. Note also, 
that the above models [IR, IST07, HXB99], which present good fit to the suggested 
model (KEM 4 ), have a two-slope expression.
4.1.2 Two Slope Model
In the two-slope model fitting, both linear and nonlinear methods were tried. In all 
performed linear regression analyses, the bi-square weighting function was employed, 
because, in each linear regression, only one scenario is assumed.
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(a) Best-fit single slope model. (b) Comparison between the two best-fit models.
Figure 4.3: The single-slope LOS model in MCA.
Tabh 4.3: Statistics of the comparison between the suggested KEM4 , KEM 5 , best-fit 
for the LOS regime of the MCA, and other popular models. ME: Mean error; RMS: 
Root mean square._____________________________________________________
Model
k e m 4
ME RMS 
[dB] [dB]
KEM 5  
ME RMS 
[dB] [dB]
KEM4  best-fit model 0 . 0 . -0.655 5.04
KEM 5  two-slope best-fit • • 0 . 0 .
ITU-R LOS average 1.43 5.16 0.772 4.65
COST231-Hata -23.4 25.0 -24.0 24.9
WINNER II LOS -2.24 11.3 1.52 7.94
ETSI Berg LOS 17.1 18.9 16.5 17.4
Papadakis et al LOS 13.4 15.7 12.7 13.9
Har et al LOS 5.9 8 . 6 5.25 1 0 . 8
Patwari et al LOS -18.0 2 0 . 6 -18.6 2 0 . 1
Green et al LOS 14.2 19.0 13.5 16.1
Wang et al LOS 17.2 19.0 16.5 17.4
Konstantinou et al LOS 1.47 4.75 0.813 1.91
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Table 4.4: The theoretical breakpoint distances in MCA. Cfg: configuration; N /A : Not 
applicable.
Height ho — 0 ho — 1.3m
cfg Xb [m] a;b[m] [MKA02]
LL 7.12 N /A not enough data-points in the regime d <  xb
HL 21.37 N /A not enough data-points in the regime d < $b
VHL 42.75 N /A two-slope inferior to single-slope fit
HH 64.12 1.14 two-slope inferior to single-slope fit
VHH 128.24 9.69 fit-eirortwo-sl0pe >  ^^'eirorsingle-slope
Linear Techniques
The measurement data were first fit to a two-slope model for each antenna height con­
figuration independently. However, the effective height of the road ho, for the studied 
frequency, is larger than the real antenna height, for three of the five antenna height 
configurations. Table 4.4 summarises the expected theoretical breakpoint distance val­
ues, when the effective road height ho is taken into consideration and when it is not. 
In both cases, the expected breakpoint distance x\> precedes the largest part of the 
measurement data, implying that the recorded data are actually lying on the second 
slope.
When the breakpoint distance x\> was sought by using the theoretical values, there 
was no clear case, among the different antenna height configurations, which would 
suggest that a two-slope path-loss model fits better to the recorded data. Therefore, the 
following two-slope formulation-analysis ignores the theoretical breakpoint calculation, 
as given by (3.6) and (3.7). For the interested reader, the values of the path loss 
exponent and the fit-error of the two slopes, assuming the validity of the theoretical 
breakpoint distance, and without taking into account the effective road height {ho — 0 ), 
are summarised in the same table. The fit-error of the single-slope model, which fits 
best to the measurement-data, is also given for comparison purposes.
The results of the fitting are discussed below, per antenna height configuration.
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1. LL and HL: All data points lie further than the breakpoint distance x^, so that 
a two-slope modelling is not possible, due to lack of measurement points.
2. VHL and HH: When fit with a two-slope model, and a breakpoint distance xj, 
at theoretical value (for ho =  0 ), showed worse fit statistics compared to the 
single-slope model.
3. VHH: When fit with a two-slope model, and a breakpoint distance xb at theoret­
ical value (for ho =  0 )> showed decrease in the path-loss slope-coefficient.
The analysis for the continuation on the endeavour for seeking a two-slope model is 
described in the following points:
1. For each antenna configuration, the single-slope model is calculated by using the 
bi-square weighted least squares algorithm and the fit-errorg^ ng|e is recorded.
2. Then, for every possible breakpoint distance, from the studied distance-range, 
the bi-square weighted least squares algorithm is repeated for the sectorised data- 
points closer (d < x^) and further (d > £ 5 ) than the breakpoint distance. The 
resulting fit-errorbefore and fit-errora£j-er are recorded respectively.
3. The recorded curve-fit success metrics, fit-error^e£ore and fit-errora£^ er, are com­
pared against the fit-errorsjng]e. For a winning two-slope model, over the single­
slope counterpart, both of the slopes should provide a better approximation 
compared to the single-slope model, thus, fit-error£)e£ore < fit-errorg^gjg and 
fit-errora£tel, < fit-errorsjngje. It is also expected, that the slope coefficient will 
rise after the breakpoint distance, thus ni < n2 .
Fig 4.4 plots the results of the two-slope formulation analysis for the antenna height 
configurations which exhibited an acceptable two-slope form, and for the best-fit coeffi­
cients. In each plot the data points of the path loss are plotted against the distance from 
the transmitter (crosses), and on the same axes the following fits are plotted: single­
slope best-fit model (solid line), free space loss model (FSL), and two-slope model 
(dashed line).
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Distance from the transmitter d [m] Distance from the transmitter d [m]
(a) LL (b) HL
Figure 4.4: Two-slope models for different antenna height configurations for the LOS 
region of the measurement campaign A.
Table 4.5 summarises the patli-loss slope-coefficients ni and n2  and the distance range, 
where the two-slope analysis was successful. Two antenna height configurations were 
found to have a breakpoint distance, with the aforementioned criteria. The best fit of 
the two-slope model in both configurations is close to the maximum possible breakpoint 
distance, most probably, due to lacking recorded data at further distances from the 
transmitter. Therefore, the existence of a more distant breakpoint is implied. In the 
presented results the path-loss slope-coefficient generally changes from a magnitude of 
3 (before) to a greater value (after the breakpoint). For comparison, other literature 
model path-loss slope-coefficients are quoted: in COST 231-Hata and for an average 
effective height ho =  1.3m [IST07] the single slope is n =  4.57, in ITU-R. LOS bounds 
it changes from 2.5 to 4.0, and in WINNER II LOS from 2.27 to 4.0. Although the 
slope-coefficient change at the breakpoint, as calculated with the above method, is felt 
to lack substance, there is an undeniable trend of the slope to change at a distance from 
the transmitter. The inconsistency of the results may be explained by the following:
1 . the recorded distances are not enough in quantity and/or range,
2 . the criteria for accepting a breakpoint distance are over-constraining,
3. in the studied low antenna-lieights there is 1 1 0  breakpoint distance.
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Table 4.5: The best-fit slope coefficients for a two-slope formulation in MCA.
Height Studied Xb [m]
cfg. range [m] range best-fit
rai n 2
LL 23-292 95-272 271 2 . 8 6 8.79
HL 159-254 22-255 232 2.91 9.93
More specifically, the last argument may hold true, since the LOS between the anten­
nas, strictly defined by the Fresnel ellipsoid, is well obstructed within a few metres of 
distance from the transmitter.
The breakpoint distance was found to be existent only in two out, of the four antenna 
height configurations. This fact implied that the search for an additional breakpoint, 
which would yield three-slope mean path loss expression, would prove unfruitful. How­
ever, the breakpoint existence in some of the antenna configurations ignited the interest 
of employing nonlinear regression analysis to the conglomeration of the recorded path- 
loss data-points. This analysis is presented in the next subsection.
Nonlinear Technique
In succession, nonlinear techniques were tried. Before presenting the results of the re­
gression analysis, the most appropriate weighting function is found. The selected model 
for producing synthetic data-points was the Har et al, for the conducted-measurements 
carrier frequency / c. The “bisquare” weighting performed best in estimating the model 
coefficients with more precision (Fig. 4.1(b)), whereas the “talwar” in minimising the 
error in the path loss estimations (Fig. 4.2(b)). The latter was used in the two-slope 
regression of MCA LOS data-points.
In total, seven different sets of initial predictor-terms were identified as best candidates 
for best-fitting to the path-loss data-points. Fig. 4.5 plots the fit-error of the two-slope 
fit, normalised by the fit-error of the single-slope fit (KEM 4 ), for various values of the 
effective height ho between the trivial, ho =  0 , where the effective height is ignored, 
and the maximum among the considered receiver antenna heights, ho — 1.5m. A larger
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Effective height ho [m]
Figure 4.5: The improvement of the model fit, expressed as the fit-error of the two- 
slope model (RMSE|wo_sj0 pe), normalised by the fit-error of the single-slope model 
(RMSEs;ngie_sj0 pe), and calculated from a backward stepwise robust regression anal­
ysis. Measurement Campaign A LOS.
effective height consideration would yield to single-slope model, regardless of antenna 
height configuration, which is covered in the previous subsection. For a short effective 
height choice (ho < 0.5m) all antenna height configurations are expressed by a two-slope 
model.
The abruptly changing appearance, in the plot, is due to the inefficacy of the search 
methods, employed by the nonlinear regression, to find the overall best-fit terms, rather 
than a local best-fit suggestion. The condition is aggravated by the Heaviside function 
which is inherent in the employed weighting function. Generally, a two-slope represen­
tation of the path-loss is fitting better to the recorded data-points, than the single-slope 
counterpart. The abrupt changes in the plot do not obstruct the observation that the 
best-fit is when the effective height is ho =  0 .
The two-slope model that best fits to the recorded data-points, namely KEM 5 , is given 
by:
rKEM 5  _
'LOS
j 22.7 log d if d < xo
| 22.7 log xb +  31.0 log _  1 . 0 5  log hR +  C  if d > xh
(4.3)
100 Chapter 4. Mean Path Loss Models
where the breakpoint distance xb is given by (3.6). The auxiliary variable C  represents 
the environmental dependence, given by:
{ 0.739 dense environment (hn >  12m)"  (4-4)0.391 suburban or urban (Hb <  12m)
where hs is the average building height expressed in metres. The scope of the variables 
are reminded: (4 < d < 400m, 0.5 < hr < 3m, 0.5 <  hr  < 1.5m, 10.2 < h-Q <  19.3m, 
/ c in UMTS).
Table 4.2 summarises the coefficient values for ease of comparison with the single-slope 
KEM4  expression, which was derived through linear regression analysis. It is reminded 
herein that the fit-error is dependent on the employed weighting function. The relatively 
low fit-error value is an artifact of the “talwar” function.
Some remarks about the suggested KEM 5  two-slope model are:
1. Regarding the path-loss slope-coefficient n, it is independent of any other studied 
variable. At short distances (d < x^), it has a significantly higher value than 
the free space loss counterpart, whereas at further distances (d > £t>), it is more 
optimistic than the classical 40dB per decade of distance [IR, IST07, ETS04, 
GO02].
2. The receiver antenna height participates in the model explicitly and in the loga­
rithmic scale, but only at distances further than the breakpoint distance (d > x^). 
At closer distances (d < :cb) the inter-terminal environment is comparable to the 
free space. The path loss independence of the antenna heights is expected, since 
the proximity of the ground is ineffective to obstruct the transmission paths, 
The receiver height term calibrates the path-loss estimation ( —0.185,+0.316)dB, 
which practically does not affect the path loss prediction.
3. Path loss dependence on the environment is not statistically significant for close 
distances (d < Xb)> as expected, because of the prevailing direct transmission 
path. Adversely, at further distances (d > Xb), an additional 0.349dB signal 
strength drop is suggested for well urbanised environments, which practically 
does not contribute to the path-loss estimation.
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Figure 4.6: Best-fitting two-slope LOS path loss model, by execution of nonlinear 
backward stepwise robust regression analysis to the data to the measurement campaign 
A. The legend notation is as follows: LL: Low-Low, LH: Low-High, HL: High-Low, HH: 
High-High,VHL: Very High-Low, VHH: Very High-High
4. The suggested expression features a less than ldB change in path loss estimation 
at the breakpoint distance, which is due to the inclusion of the receiver height 
and environmental effects.
5. The suggested model is reciprocal, only for distances closer than the breakpoint 
(d < x^), whereas at further distances (d > Xb) the reciprocity is lost.
Fig 4.6 plots the path-loss prediction for the different studied antenna height configu­
rations and the occurring breakpoints distances Xb, with circles.
The fit-error of the presented two-slope model KEM 5  is slightly lower than the one in 
KEM 4 . Although the improvement may not seem at first large, one has to take into 
account that the fit-error is, in its nature, a very slow changing function, because it is 
formed by synthesis of two other slow changing functions, the averaging function, as 
input to the square-root function. With the above justification, even a slight reduction 
of the fit-error implies extensive improvement in the path loss prediction.
Table 4.3 summarises the comparison of the suggested model KEM 5  with other litera­
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ture models, at the main volume of the parameter recordings. Both KEM 4  and KEM 5  
were produced by the same set of measurements, and, therefore, do not display practi­
cal differences. KEM 5  agrees well with other two-slope models: ITU-R. LOS (average 
path loss between the upper and lower limits), and WINNER II LOS. It is reminded 
that only the LOS branches are considered in the calculations.
4.2 NLOS Model from the Measurement Campaign A
Before presenting the results of the regression analysis, the most appropriate weight­
ing function is found. The selected model for producing synthetic data-points was 
the COST 231-Hata. The “talwar” weighting performed best in estimating the model 
coefficients with more precision (Fig. 4.1(c)), whereas both “talwar” and “ols” in min­
imising the error in the path loss estimations (Fig. 4.2(c)). The “talwar” was used in 
the single-slope regression of MCA NLOS.
The treatment of the NLOS data was similar to that of the LOS. The same predictor- 
terms were used as the input to the linear and nonlinear regression analyses, which were 
performed to the data-points. Starting with the linear regression, as also discussed 
in the LOS model branch, the inclusion of the effective road height ho can only be 
considered explicitly.
The results of the regression analysis to the NLOS data-points are summarised in 
Table 4.2 and the according formula is given by:
S  =  21.7 +  10(4.54 -  3.69 log hR) log d -I- 74.1 log hK +  C
{5.27 dense environment {hg > 12m) (4-5)2.78 suburban or urban (Ab <  12m).
The scopes of the variables are: d £ (25,200), 0.5 <  /it  < 3m, 0.5 < hR <  1.5m,
1 0 . 2  < hR <  19.3m, f c in UMTS).
The following can be noted for the best-fit (KEMg) model:
1. The path-loss slope-coefficient n is a function of the receiver height. For the
considered receiver heights the slope coefficient n € (3.89,5.65), range which is
distinctly higher than the LOS branch (KEM 4 , KEM 5 ).
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2. The receiver height calibrates the path-loss estimation explicitly within the range 
(—22.3, +13.0)dB. The transmitter height, for the considered transmitter height- 
range, has no effect on the path-loss estimation. Similarly, biased effect on the 
path loss, under NLOS condition, is found in [HXB99, KKT07] models.
3. The environmental effect takes part in the equation as an explicit calibration 
parameter, mapping to 2.49dB additional path loss, which is in good agreement 
with the COST 231-Hata model.
4. The effect of the effective road-height ho was tested by trying different values 
(ho — 0,0.5,..., 0.45,0.495m). By doing so, the effect of the effective height ho 
was studied without converting the regression to nonlinearity. However, there was 
no case of practical improvement in the model fitting by inclusion of the effective 
height lio, thus the trivial case (ho =  0 ) is selected.
Comparing the KEM 5  path loss function (4.5) with the one from [KKT07], although 
the coefficients differ, the mean propagation loss predictions agree well within the scope 
of the studied variables.
Fig 4.7(a) plots with several lines the best-fit model (KEMq); each line corresponds 
to a different antenna height configuration, which displaces the path loss function on 
the y-axis and changes slightly its slope. The model appears to agree well within the 
range of distances, antenna heights, and environments studied. The path-loss slope- 
coefficient variation with the distance is studied further at the end of this subsection. 
Some path-loss lines appear as having discontinuities. This is because of environmental 
effects; each antenna height-configuration line represents both urban and suburban 
environments. Comparing Fig. 4.7 with Fig. 4.3, from NLOS and LOS respectively, the 
extra path-loss due to loss of the LOS property can be observed. Moreover, the x-axis 
of the NLOS case extends to shorter distances than in the LOS case. This is because 
in the LOS regression analysis, all the received power recordings were above the noise 
floor, which permitted a wider distance range exploration.
Fig 4.7(b) plots a comparison between the two suggested models (4.5) and [KKT07] 
with several lines corresponding to the different antenna height configurations. The
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two models practically coincide in the studied parameter ranges, when compared at the 
main volume of the parameter recordings; see Table 4.6. The same table summarises 
the statistics of the comparison between the suggested best-fit model (KEMg) and 
other literature models, by using the same volume of parameter recordings. The KEMg 
model is in good agreement with all the presented literature models, yet, the NLOS fit 
to ITU-R. WINNER II, and Har et al models is worse than that of the LOS branch.
I
Distance from the transmitter d  [m]
( a )  Best-fit single slope model
-140-----------------------------------------------------------------
SO 100 150 200
Distance from the transmitter d  [m]
(b) Comparison between the two best-fit models
Figure 4.7: The single-slope NLOS model in MCA.
Furthermore, a follow-up nonlinear, robust, backward-stepwise regression analysis was 
performed, so as to research if the path-loss predictor-term coefficients varied with the 
distance from the transmitter d.. Before presenting the results of the regression analysis, 
the most appropriate weighting function is found. The selected model for producing 
synthetic data-points was the Har et al, for the conducted measurements’ carrier fre­
quency / c. The “ols” weighting performed best in estimating the model coefficients 
with more precision (Fig. 4.1(d)), whereas the “talwar” and “ols” in minimising the 
error in the path loss estimations (Fig. 4.2(d)). The “ols” was used in the two-slope 
regression of MCA NLOS data-points.
In NLOS, there is no theoretical background to assume that there is a breakpoint 
distance Xb is dependent on the antenna heights (hx, /ir) and effective road height ho. 
Therefore, the exploration for a better fit to the recorded data-points should extend 
into the two disengaged dimensions: ho and x^  Note that in NLOS the breakpoint
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Table 4.6: Statistics of the comparison between the suggested KEMg, single-slope best- 
fit for the NLOS region of the MCA, and other popular models. ME: Mean error; RMS: 
Root mean square. ___________________________________________
Model
ME
[dB]
RMS
[dB]
KEMe single-slope best-fit 0 . 0 .
ITU-R NLOS 6.06 9.86
COST231-Hata -4.94 5.98
WINNER II NLOS 6.62 16.6
ETSI Berg NLOS -6 . 0 1 15.7
ETSI Walfisch-Ikegami -1.62 2.34
Har et al NLOS 7.35 7.62
Patwari et al NLOS -3.12 3.45
Wang et al NLOS -9.65 9.87
Konstantinou et al NLOS -3.94 4.99
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distance is not defined, however, in order to preserve the presentation coherency 
between LOS and NLOS, the same symbol is used. This subsection continues with the 
search for a breakpoint distance x\> that defines two regions of distinct change in the 
mean path loss slope coefficient n.
Due to best-fitting of the previous branches with the trivial effective height ho =  0, the 
search for a better fit was conducted only for this case. The exploration was conducted 
with regards to the possible values that the breakpoint distance could assume. This 
was the range of recorded distances d, allowing for a sufficient number of samples on 
either side of the breakpoint to perform a statistically accurate regression. The resulting 
breakpoint consideration was x'b £ (33.9,162)m.
Only the slope-coefficient variation was studied, so that the effect of the other param­
eters (antenna heights and environment) was assumed unchanged on either side of the 
breakpoint x^- However, there was no case of better fit if a breakpoint distance was 
considered. All the same, there may be other pair of ho~xb values which provide a 
better approximation to the recordings.
4.3 Justification for the Exclusion of the /M  Data-Points
It is reminded that in MCB there were three frequencies that measurements were taken: 
420MHz (/L ), 935MHz (/M ), and 2020MHz (/H ); see Section 3.5.1. This subsection 
discusses the reasons which led to the exclusion of the / M data-points. Initially, re­
gression analysis was performed to all the recorded frequencies, inclusive of the / M. 
However, during the regression, a non-conformity of the / M data-points was encoun­
tered, with respect to the other recorded frequencies. This incompatibility may be due 
to some error during the recordings. Purporting to protect the validity of the regression 
analysis, the rigorous approach of removing all data-points from the erroneous / M was 
chosen.
In order to justify this removal graphically, some plots are presented, which exemplify 
the / M data-points inappropriateness for use in the regression analysis. These plots 
have been the outcome of the fitting to all the recorded frequencies, inclusive of the / M.
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Fig. 4.8 plots, on separate distance d and patli-loss L axes for each scenario, the recorded
between the model and data-points within LOS. In both Fig. 4.8 and Fig. 4.9, there is 
a non-conformity of the / M data-points compared to the other frequencies.
4.4 LOS Model from the Measurement Campaign B
Before presenting the results of the regression analysis, the most appropriate weight­
ing function is found. The selected model for producing synthetic data-points was the 
COST 231-Hata. The “ols” weighting performed best in estimating the model coeffi­
cients with more precision (Fig. 4.10(a)), whereas both “ols” and “fair” in minimising 
the error in the path loss estimations (Fig. 4.11(a)). The “ols” was used in the single­
slope regression of MCB LOS.
The results of the regression analysis to the data-points, recorded in the MCB, are 
summarised in Table 4.7. The LOS branch of the path loss is thus given by:
NLOS data-points and the best-fit single-slope model. Fig. 4.9 plots the average error
4.4.1 Single-Slope Model
l S M? =  29.0 +  63.3 log hR log / c +10(3.16 -  2.15 log hT) log d -  194 log hR +  C (4.6)
4.13 dense environment (hR > 12m)
0.97 suburban or urban (hs < 12m).
(4.7)
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Figure 4.8: Scatter-plots of the different scenarios, MCB NLOS single-slope.
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Measurement Location Index
+ Rx1 • Rx3 * Rx5
• Rx2 X Rx4 ■ Rx6
Figure 4.9: Average error between the best-fit model and data-points, for each location 
and receiver. Note that / M receivers are Rx3 and Rx4. Also note that not all locations 
have LOS points, thus some points are missing. The dashed line separates the urban 
from the suburban results. The plot refers to Measurement Campaign B LOS single­
slope model.
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Figure 4.10: Errors of the different weighting functions in estimating accurately the 
synthetic channel model coefficients. The apostrophe ;l/” denotes predictor terms for 
distances further than the breakpoint d > x b- Measurement Campaign B.
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Figure 4.11: Error scatter-plot of the different weighting functions in producing path 
loss estimation close to the synthetic channel. Measurement Campaign B.
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The scopes of the variables are: d <  250m, 2.0 < h i <  2.9m, 2.0 < /ir < 2.9m,
6.3 < h B <  26.8m, / c 6  (420,2020)MHz.
The following can be noted for the best-fit (KEM 7 ) model:
1. The path-loss slope-coefficient is an oppositely proportional function of the trans­
mitter height, ranging n € (2.17,2.51). The calculated slope-coefficient n does 
not agree with any of the presented single-slope literature or models.
This is probably due to the short range of explored distances, d G (0 ,200)m, 
KEMas opposed to the Llos  4  model, d G (0 ,400)m. The terminal antennas are 
also placed higher than in MCA, which contributes to less obstructions in the 
first Fresnel zone and a greater breakpoint distance x t,. The combination of the 
shorter distances involved and better propagation characteristics, may map to 
the data-points actually lying entirely on the first slope of a two-slope model. 
This argument is also supported by the slope-coefficient n lying within the ITU- 
R LOS first-slope bounds, and also matching the WINNER II LOS (first-slope). 
The theoretically occurring breakpoint distances are summarised in Table 4.8.
2. The environmental effect takes part in the equation as an explicit calibration 
parameter, suggesting an additional path loss of 3.16dB in the dense urban envi­
ronment, which is in good agreement with [ETS04],
3. The effect of the effective road-height ho was tested by trying different values 
(ho — 0.00,0.25,..., 1.75m). By doing so, the effect of the effective height h0  was 
studied without converting the regression to nonlinearity. However, there was no 
case of practical improvement in the model fitting by inclusion of the effective 
height ho, thus the trivial case (ho =  0 ) was selected.
4. The frequency term coefficient /  is proportional to the receiver height, in the log­
arithmic scale, ranging /  G (19.1,29.3)dB per decade, which is in good agreement 
with [PDRB99, GO02, WTN04, KKT07]. Similarly, dependence of the frequency 
coefficient /  on the receiver height is found in [COSa].
5. Apart from the effect on the slope and frequency coefficients n and / ,  respectively, 
the transceiver heights contribute to the path-loss estimation explicitly. The best-
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Table 4.8: The theoretical breakpoint distances %b [m] in MCB.
ho •-  0 ho 1.3m [MKA02]
L H L H
/L L 22.4 32.5 2.74 6.27
/L H 32.5 47.1 6.27 14.3
/H L 108 156 19.2 30.2
/H H 156 227 30.2 68.9
fit model (KEM 7 ) suggests an additional path loss of 31.3dB for a 0.9m drop in 
the receiver height. Similar result has been proposed in [WWM+00].
Fig.4.12 plots with several lines the best-fit KEM 7  model; each line corresponds to 
a different frequency and antenna height configuration, which displaces the path loss 
function on the y-axis and changes slightly its slope. By observation of the scatter plot, 
the model appears to agree well within the range of distances, frequencies, antenna 
heights, and environments studied. The path-loss slope-coefficient variation with the 
distance is studied further in this subsection. The path loss lines appear as having 
zig-zags between an upper and a lower curve. This is because of the environmental 
effect; each frequency and antenna height-conflguration line represents both urban and 
suburban environments.
Table 4.9 summarises the statistics of the comparison between the suggested best-fit 
KEM 7  and other literature models, by using the same volume of parameter recordings. 
The KEM 7  model agrees well with the [IR, IST07, ETS04, PKC98, GO0 2 , KKT07, 
WTN04, HXB99] models.
4.4.2 Two-Slope Model
As was the case with the MCA, for which the linear regression of the data-points did 
not provide conclusive results, similarly, in MCB, the same problem was experienced. 
Thus, in the latter data-points, only a nonlinear analysis was performed. Before pre­
senting the results of the regression analysis, the most appropriate weighting function
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Distance from the transmitter d [m]
Figure 4.12: The single-slope LOS model in MCB.
Table 4.9: Statistics of the comparison between the suggested KEM 7 , KEMg, best-fit 
for the LOS regime of the measurement campaign B, and other popular models. ME: 
Mean error; RMS: Root mean square. __________________________________
Model
KEM 7  
ME RMS 
[dB] [dB]
KEMg 
ME RMS 
[dB] [dB]
KEM 7  best-fit model 0 . 0 . . ,
KEMg two-slope best-fit 0 . 0 .
ITU-R LOS average -2.31 6 . 6 6 -4.17 7.12
COST231-Hata -16.2 17.7 -18.1 19.8
WINNER II LOS -2.03 9.36 -3.90 9.49
ETSI Berg LOS 4.66 6.16 2.80 4.79
Papadakis et al LOS -6.43 11.1 -8.30 12.2
Har et al LOS 9.31 12.0 7.44 10.4
Patwari et al LOS -25.0 26.3 -26.9 28.3
Green et al LOS 0.982 6.05 -0.884 6.79
Wang et al LOS 4.70 6.19 2.84 4.82
Konstantinou et al LOS 0.0625 3.76 -1.80 4.65
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is found. The selected model for producing synthetic data-points was the Har et al. 
The “talwar” weighting performed best in estimating the model coefficients with more 
precision (Fig. 4.10(b)), whereas the “ols” and “huber” in minimising the error in the 
path loss estimations (Fig. 4.11(b)). The “ols” was used in the two-slope regression of 
MCB LOS data-points.
In total three different sets of initial predictor-terms were identified as best candidates 
for best-fitting to the path-loss data-points. Fig. 4.13 plots the fit-error of the two- 
slope fit (RMSEtw0 _sj0 pe), normalised by the fit-error of the single-slope fit (KEM 7 , 
RMSEaj1 1 gje_s|0 pe), for various values of the effective height ho between the trivial, 
ho — 0 , where the effective height is ignored, and the maximum among the considered 
receiver antenna heights. A larger antenna height consideration would yield to single­
slope mode, regardless of antenna height configuration, which is covered in the previous 
subsection. For a short effective height choice (ho <  2m) all antenna height configurar 
tions are expressed by a two-slope model. Furthermore, towards higher effective height 
values ho, there are not enough measurement points for a statistically accurate two- 
slope regression, and, therefore, in this regime, only a single-slope expression is possible. 
This explains the high fit-error values and the missing points at the high effective road 
height ho >  2 .2 m regime. Generally, a two-slope representation of the path-loss esti­
mation for all antenna height configurations and frequencies (ho <  2 .0 m) fits better to 
the recorded path-loss, than the single-slope counterpart. Adversely, a consideration of 
an effective height in the range ho >  2 .0 m, broadly, maps to a less accurate or even to a 
unidentifiable model. The missing values from the plot do not obstruct the observation 
of the best-fit to the two-slope model is when ho =  0.80m.
To explain better the inapplicability of the regression analysis at greater values of the 
effective height (ho > 2 .2 m), the range of the breakpoint distance xb over different 
antenna height configurations and frequencies (y-axis) and effective heights ho (x-axis) 
is plotted in Fig. 4.14. The right subplot shows the range of the data-point distance 
from the transmitter. At high effective height ho values, the breakpoint distance x\> 
is close to null, and the percentage of data-points closer to the transmitter than the 
breakpoint Xb is small. Thus, a regression analysis with a two-slope model is not 
possible due to lack of sufficient number of datarpoints. The plot-points in the figure
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Effective height ho [m]
Figure 4.13: Fitness improvement, expressed as the RMSE of the two-slope model, 
normalised by the RMSE of the single-slope model, and calculated from a backward 
stepwise robust regression analysis. MCB LOS.
represent mean values.
The two-slope model that best fits to the recorded data-points, namely KEMs, is given 
by:
^ o EsM 8  =  “ 77.6 +
10[0.817 +  0.842 log{hR -  /i0)] log d + 40.9 log f c 
10[0.817 +  0.842 \og(hR -  fi0)] log xb+
+ 10[3.08 -  1.23 log^T - h 0)\ log ^  +
+39.6 lo g /c +  C
if d <  Xb
(4.8)
where the breakpoint distance xb is given by (3.7), for ho — 0.861m, and C  is the 
environmental effect, given by:
C \ 4.63 dense environment (hn > 12m)
( 1.09 suburban or urban (hR <  12m)
(4.9)
The scopes of the variables are: d <  250m, 2.0 < h^ <  2.9m, 2.0 < hR < 2.9m,
6.3 < h B <  26.8m, f c E (420, 2020)MHz.
Table 4.7 summarises the coefficient values for ease of comparison with the single-slope
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overb 0
Effective road height hQ [m]
Figure 4.14: Range of the breakpoint distance Xb over different antenna height config­
urations and frequencies (y-axis) and effective heights ho (x-axis). The plot refers to 
the LOS data-points of the measurement campaign B.
KEM 7  expression, which was derived through linear regression analysis. Some remarks 
about the suggested KEMs two-slope model are:
1. The effective height of the road ho has a value which is close to the one suggested 
in [IST07], but for three times lower than the high traffic value suggested in [IR]. 
Consequently, the breakpoint distance Xb ranges closer to the [IST07] estimations. 
The effective road height ho defines the breakpoint distance Xb and participates 
in the path loss prediction-terms.
2. Regarding the path-loss slope-coefficient n, it is dependent on the terminal heights, 
at either side of the breakpoint distance Xb, however, practically, the dependence 
exists only for distances further than the breakpoint (d > x b). At short dis­
tances (d <  Xb) it ranges n G (0.865,1.08) matching the high transmitter height 
slope-coefficient of the Har et al model. As a note for a propagation-nescient 
reader, even though the value of the slope coefficient is less than 2 , it does not 
imply that the signal strength is greater than if the link were taking place in 
free space. Instead, it is a result also suggested in the first slope of a two-slope 
regression fit, in [BerOO, TSG01]. Furthermore, it is reminded that the path in
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examination is within LOS, it meets regular crossing streets in a built-up ur­
ban environment, with both antennas situated below the rooftop of buildings. 
The mean path loss slope coefficient is expected to assume a value that is less 
than 2 , according to the wave-guiding property that characterises this type of 
environment [Bla98]. At further distances (d >  x^) the slope-coefficient n is a 
function of linear proportionality with the effective receiver height log(/iR — ho) 
ranging n G (2.70,3.01). This range of values is higher than the range of the 
slope-coefficient n in KEM 7 . Furthermore, it is more optimistic than the classical 
40dB per decade of distance [IR, IST07, ETS04, GO02],
3. The path loss dependence on the environment is not statistically significant for 
close distances (d < rrb), as expected, because of the prevailing direct transmission 
path. Adversely, at further distances (d > a:b), an additional of 3.54dB signal 
strength drop is suggested for well urbanised environments, matching the value 
in the COST 231-Hata model.
4. The suggested expression features little change in path loss estimation at the 
breakpoint distance x't,, which is due to the switching of the effect of the frequency 
coefficient /  and the inclusion of the environmental effect.
Fig 4.15 plots the path loss prediction for the different studied antenna height config­
urations and the occurring breakpoints distances x^, 'with circles.
Table 4.9 summarises the comparison of the suggested model KEMs with other litera­
ture models, at the main volume of the parameter recordings. Both KEM 7  and KEMs 
were produced by the same set of measurements, and, therefore, do not display prac­
tical differences. KEMs agrees well with other two-slope models: ITU-R LOS average 
path loss between the upper and lower limits, WINNER II LOS, European Telecom­
munications Standards Institute (ETSI) Berg, and Har. It is reminded that only the 
LOS branches are considered in the calculations.
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Distance from the transmitter d [m]
Figure 4.15: Best-fitting two-slope LOS path loss model, by execution of nonlinear 
backward stepwise robust regression analysis to the MCB data. The legend notation is 
as follows: LL: Low-Low. LH: Low-High. HL: High-Low, HH: High-High
4.5 NLOS Model from the Measurement Campaign B
Before presenting the results of the regression analysis, the most appropriate weighting 
function is found. The selected model for producing synthetic data-points was the 
COST 231-Hata. The “talwar” weighting performed best in estimating the model 
coefficients with more precision (Fig. 4.10(c)), whereas “ols” in minimising the error 
in the path loss estimations (Fig. 4.11(c)). The “ols” was used in the single-slope 
regression of MCB NLOS.
Tin treatment of the NLOS data was similar to that of the LOS. The same predictor- 
tenns were used as the input to the linear and nonlinear regression analyses, which were 
performed to the data-points. Starting with the linear regression, as also discussed 
in the LOS model branch, the inclusion of the effective road-height ho can only be 
considered explicitly.
Lnlos ’ 9  =  -80.9 +  (29.8 -  15.5 log hT +  6.12 log hR) log ffc+
+ 10(4.54 -  2.66 log hT +  0.954 log hR) log d+ (4.10)
+ 1071oghx — 43.4 log /ir +  C
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where C  is the effect of the environment, given by:
{3.44 dense environment (hvt >  12m) (4-11)0.809 suburban or urban (/ib < 12m)
The scopes of the variables are: d <  5000m, 2.0 < /it < 2.9m, 2.0 <  / i r  < 2.9m,
6.3 <  hB < 26.8m, f c € (420, 2020)MHz.
The following can be noted for the best-fit (KEM9 ) model:
1. The path-loss slope-coefficient n is a function of the terminal heights, in the 
logarithmic scale. For the considered terminal heights the slope coefficient n £ 
(3.02,4.18), range which is distinctly higher than the LOS branch (KEM 7  and 
KEMs), and practically matching the suggested values from other single-slope 
expressions, in [PKC98, GO 0 2 , KKT07],
2. The frequency-term coefficient /  is a function of the terminal heights, and for 
the considered ranges, it is /  6  (24.5,28.0), which is higher than the typical 
consideration of 20dB per decade. Note that, among the presented literature 
models (NLOS branches), the frequency coefficient varies in a very wide range, 
/  6  (3.00,36.1).
3. Apart from the implicit effect of the terminal heights on the path loss estima­
tion, the transceiver heights calibrates the path-loss explicitly within the range 
(12.1,36.4)dB. The effect of receiver height on the path loss, either implicitly or 
explicitly, is more effete than that of the transmitter height. Similarly, biased ef­
fect on the path loss, under NLOS condition, is found in [HXB99, KKT07, COSa,] 
models.
4. The environmental effect takes part in the equation as an explicit calibration 
parameter, mapping to 2.63dB additional path loss, which is in good agreement 
with the COST 231-Hata model.
5. The effect of the effective road height ho was tested by trying different values 
(ho =  0,0.25,..., 1.75m). By doing so, the effect of the effective height ho was 
studied without converting the regression to nonlinearity. However, there was no
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Figure 4.16: Best-fitting single-slope LOS path loss model to the data of MCB. The 
legend notation is as follows: LL: Low-Low, LH: Low-High. HL: High-Low, HH: High- 
High.
rase of practical improvement in the model fitting by inclusion of the effective 
height ho, thus the trivial case (ho =  0 ) is selected.
Table 4.7 summarises the predictor-terms of the best-fit model (KEMg) and its standard 
error.
Fig 4.16 plots with several lines the best-fit model (KEMg); each line corresponds to a 
different antenna height configuration, which displaces the path loss function on the y- 
axis and changes slightly its slope. The model appears to agree well within the range of 
distances, antenna heights, and environments studied. The path-loss slope-coefficient 
variation with the distance is studied further in this subsection. Some path-loss lines 
appear as having discontinuities. This is because of the environmental effect; each 
antenna hright-configuratinn line represents both urban and suburban environments. 
This figure plots all the data-points that were used in the regression analysis, however, 
the scattcr-plot is not clear due to their large volume. Thus, the path loss scatter-plots 
for each specific scenario are plotted in separate axes in Fig. 4.17 to assist to the model 
presentation.
Table 4.10 summarises the statistics of the comparison between the suggested best-fit
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Figure 4.17: Scatter-plots of the different scenarios. Measurement Campaign B NLOS 
single-slope model.
124 Chapter 4. Mean Path Loss Models
Table 4.10: Statistics of the comparison between the suggested KEMg, single-slope 
best-fit for the NLOS region of the MCB, and other popular models. ME: Mean error; 
RMS: Root mean square.  _____________________________
Model
ME
[dB]
RMS
[dB]
KEMg single-slope best-fit 0 . 0 .
ITU-R NLOS average 1.18 7.26
COST231-HATA 0.358 2.82
WINNER II NLOS -15.9 2 2 . 0
ETSI Berg NLOS -44.0 48.5
ETSI Walfisch-Ikegami -20.7 2 2 . 8
Har et al NLOS -0.952 3.85
Patwari et al NLOS -16.2 16.7
Wang et al NLOS -31.8 32.5
Konstantinou et al NLOS -4.98 5.76
model (KEMg) and other literature models, by using the same volume of parameter 
recordings. The KEMg model is in good agreement with other NLOS single- [COSa, 
KKTG7] and two-slope [IR, HXB99] models.
Furthermore, a follow-up, nonlinear, robust, backward-stepwise regression-analysis was 
performed, so as to research if the path-loss predictor-term coefficients varied with 
the distance from the transmitter d. Before presenting the results of the regression 
analysis, the most appropriate weighting function is found. The model selected for 
producing synthetic data-points was the Har et al. The “ols” weighting performed 
best in estimating the model coefficients with more precision (Fig. 4.10(d)), whereas 
the “talwar” in minimising the error in the path loss estimations (Fig. 4.11(d)). The 
“talwar” was used in the two-slope regression of MCB NLOS data-points.
In NLOS, there is no theoretical background to assume that the breakpoint distance Xb 
is dependent on the antenna heights (ht , / i r )  and effective road height ho- Therefore, 
the exploration for a better fit to the recorded data-points should extend into the two
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disengaged dimensions: ho and x^. Note that in NLOS the breakpoint distance 
is not defined, however, in order to preserve the presentation coherency between LOS 
and NLOS, the same symbol is used. This subsection continues with the search for a 
breakpoint distance x^ that defines two regions of distinct change in the' mean path 
loss slope coefficient n.
Due to best-fitting of the previous branches with the trivial effective height ho — 0, the 
search for a better fit was conducted only for this case. The exploration was conducted 
with regards to the possible values that the breakpoint distance Zb could assume. This 
was the range of recorded distances d, allowing for a sufficient number of samples on 
either side of the breakpoint to perform a statistically accurate regression. The resulting 
breakpoint consideration was x\, 6  (55.0,4140)m.
Only the slope-coefficient change was studied, so that the effect of the other parameters 
(frequency, antenna heights and environment) was assumed unaltered, on either side of 
the breakpoint a v  However, there was no case of better fit, if a breakpoint distance was 
considered. All the same, there may be some other pair of effective road-height ho 0 -  
breakpoint distance £ (55.0,4140)m values, which provides a better approximation 
to the recordings.
4.6 Model Performance Evaluation
In the previous subsections various models, which are original contribution from the 
thesis study, were proposed. This subsection aims at quantifying the suggested models’ 
performance. Due to the nature of the regression analysis (outlier elimination, weight­
ing function employment, exclusion of points behind vegetation- and water-areas), only 
a (weighted) fraction of the recorded data-points were used to “shape” the mean path 
loss models. This was done so as to increase the fit accuracy and robustness. However, 
in this subsection, all recorded data-points are considered, so that the model perfor­
mance can be tested by using either: all recorded data-points, or the data-points from 
the other measurement campaign. The latter is because, the two measurement cam­
paigns produced two path loss suggestions. Yet, since the recorded parameter ranges
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Table 4.11: The suggested models (KEM4 , KEM 5 , KEMe) performance; ME: Mean 
error, RMSE: Root mean squared error.________________________________________
Portland Place Holborn Kingsland Road
ME RMSE ME RMSE ME RMSE
KEM4, KEM6 7.14 16.0 -2.75 9.51 -0.913 8 . 8 6
KEM5, KEMe 7.42 15.7 2.99 9.55 1.32 8.16
overlapped -  except for the antenna receiver height -  their performance can be tested 
by using the other data-points; see Section 4.6.3 and Section 4.6.4.
4.6.1 Performance of MCA Models by Using the MCA Data-Points
Fig 4.18 shows the comparison between the predicted path loss and the measurement 
recordings (dotted line). Only three measurement runs are displayed, one for each 
measurement area. The three plotted fits are: KEM 4  (LOS) and KEM 6  (NLOS), with 
solid line, KEM 5  (LOS) and KEM 6  (NLOS), with dashed line, and Konstantinou et 
al (LOS/NLOS), with dash-dotted line. The suggested models perform worst in the 
area of Portland Place. The performance is better in Holborn and Kingsland; see 
Table 4.11. From the model evaluation, it is concluded that the two suggested models 
have been calibrated with regards to the Holborn and Kingsland Road areas. The area 
of Portland Place is characterised by the same average building height as the Holborn 
area. However, in the Portland Place area, the transmitter antenna was situated at 
wider streets; more specifically some measurements were conducted with the antenna 
placed in the middle of a street which had double the width of the average. Although, 
on average, the street width between the Portland Place and Holborn are of the same 
magnitude, the former is characterised by large street-width variability, whereas the 
latter by street-width homogeneity. Therefore, as a continuation of the path loss model 
endeavour, the inclusion of predictor terms regarding the street width at the location of 
the transmitter, and possibly at the receiver, is suggested. Similar expressions, which 
consider the street-width, can be found in the ITU-R model.
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(a) Portland Place (h) Holborn
(c.) Kingsland Road
Figure 4.18: Comparison between the MCA suggested path loss models and the data- 
points.
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4.6.2 Performance of MCB Models by Using the MCB Data-Points
Fig. 4.1'J shows the average and standard deviation of the error between the estimated 
and measured path loss values, per location, receiver and model used. The error is 
confined within a ±5dB range, apart from some locations, where the error is several 
dB higher. The standard deviation of the error ranges from a few dB to lOdB for most 
locations, receivers and models.
CD2.
I s&
1012 15 19
Measurement Location Index
+  Rx1 * Rx2
•  Rx5 Rx6
+ Rx1 * Rx2
• Rx5 Rx6
(a) LOS single-slope KEM7 model (b) LOS two-slope KEMg model
Measurement Location Index
+ Rx1 * Rx2
• Rx5 Rx6
(c) NLOS single-slope KEM9 model
Figure 4.19: Error statistics between measurement data and model for all measurement 
locations under LOS condition. MCB.
4.6, Model Performance Evaluation 129
4.6.3 Performance of MCA Models by Using the MCB Data-Points
The formulas derived by the MCA data-points were tested with the data-points of the 
MCB, under the LOS and NLOS conditions, jointly and severally. In order to take into 
account the effect of the frequency dependence a 20 log ^  term was added to (3.4), 
where A is the wavelength, expressed in metres [IST07, HXB99, KKT07]. Within LOS, 
the average error with the KEM 4  model was: 5.48dB and the Root Mean Squared Error 
(RSME): 9.99dB, whereas with the KEM 5  model, the average error was: 2.41dB and 
the RMSE: 10.2dB. When in NLOS, the average error by employing the KEMg model 
was: 6.08dB and the RMSE: 10,9dB. Jointly for the LOS and NLOS conditions, the 
average error was calculated at: 6.00dB and the RMSE: 10.9dB. The error statistics 
of the joint case are very close to the NLOS statistics, due to the higher percentage of 
NLOS data-points over the total recorded data-points (99%). Some remarks about the 
error statistics are the following:
1. Under the LOS condition, the performance of both suggested models, which were 
derived by the MCA, is satisfactory in providing accurate path loss predictions 
in the height ranges considered in MCB.
2. Under the NLOS condition, the performance of the suggested models, which were 
derived by the MCA, is less satisfactory in providing accurate path loss predictions 
in the height ranges considered in MCB, than in the LOS condition.
3. The 20dB per decade of frequency was a well-fitting choice for the NLOS con­
dition, yet, a different number could be suggested for the same branch, which 
may also improve further the models’ performance. This is because the 20dB per 
decade of frequency was a “lucky guess” but could be tuned so as to minimise 
the fit error. This was, however, not performed because it would require tun­
ing the MCA models with the MCB data-sets. Similar consideration, where the 
frequency dependence predictor-term coefficients are different in the LOS/NLOS 
branches, can be found in [IST07, HXB99, KKT07].
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Table 4.12: The suggested models (KEM 7 , KEMs, KEM 9 ) performance; ME: Mean 
error, RMSE: Root mean squared error, : Not applicable.
LOS 
ME RMSE
NLOS 
ME RMSE
LOS/NLOS 
ME RMSE
k e m 7 4.93 15.2 N /A
k e m 8 0.153 7.60 N /A 4.47 13.1
KEMg N /A 4.24 12.0
4.6.4 Performance of MCB Models by Using the M CA Data-Points
The formulas derived by the MCB data-points were tested with the datarpoints of the 
MCA, under the LOS and NLOS conditions, jointly and severaly, The statistics are 
summarised in Table 4.12. Under both LOS and NLOS conditions, the performance 
of all suggested models, which were derived by the MCB, is satisfactory in providing 
accurate path loss predictions in the height ranges considered in MCA.
4.6.5 LOS Ratio and LOS Weighted Path Loss
Assuming the Geographic Information System (GIS) data of the urban area under 
consideration are available, it is fairly easy to distinguish LOS and NLOS points and 
to apply the respective equations. In the case that the GIS data are not available, it 
would be useful to have information on the probability P l o s  that a point with a given 
distance from the transmitter is in LOS. This probability ploSi which is assumed not to 
depend on the antenna heights, if the LOS is examined on the two-dimensional plane, 
is plotted in Pig. 4.20(a). Assuming that this ratio p l o s  is considered, a weighted 
function of path loss over distance from the transmitter can be derived, which is given 
by:
L  =  P l o s ^ l o s  +  (1  -  P l o s ) L n l o s  (4-12)
which can be used for a statistical treatment of the path loss in typical environments. 
In Fig. 4.20(b), the weighted LOS and NLOS path-loss curves, for the dense urban 
environment, are also plotted, against the distance from the transmitter. Note that,
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the curve approximates the LOS case in short distances, whereas it is practically the 
same with the NLOS case at large distances from the transmitter.
(a) The variation of the LOS ratio p l o s  with (b) Path loss estimation (HL scenario) in a
Figure 4.20: The LOS probability and its effect on a joint LOS/NLOS model.
The LOS probability P l o s  c a n  b e  approached by an exponentially evanescent function 
of the following form, which is a function of the distance from the transmitter, as also 
suggested in [IST03b]
where plo s  is the LOS probability at distance d. expressed in metres, and (if, bf are 
constant parameters. The parameters that best-fit to the model-function in the mea­
surement areas were: af =  5m (6 m), bf =  35m (40m) for the urban (suburban) case; 
values that substantiate the anticipated spatial amplitude of the suburban environment. 
The LOS probability pl o s  =  L when the separation distance is less than 10m, generally 
matching less than half the average street width. This is expected, since the transmit­
ter is situated at one of the side-streets, with the exception of some measurement runs 
in Portland Place. Contrariwise, there is a minor chance of LOS communication link 
at distances further than 1 0 0 m, i.e. on average two building blocks.
Fig. 4.21 plots the LOS probability pl o s  versus the distance from the transmitter d and 
the best-fit exponentially evanescent model, for the urban and suburban measurement 
areas.
Distance from transmitter (m) Distance from transmitter (m)
the distance from the transmitter. d e n s e  u r b a n  e n v i r o n m e n t .
(4.13)
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Distance [log1 Q(d[m])]
Figure 4.21: LOS probability pl o s  versus distance d. Both calculated and fit values 
are plotted.
4.7 Narrowband Measurements — Wide-Band Predictions
The propagation mechanisms (reflection, diffraction, and scattering) are the causes of 
signal tiine-dispersion. The coherence bandwidth, which is the range of frequencies 
over which the channel can be considered flat, is a consequence of the signal delay 
spread [SZK+03], The conducted measurements were narrowband, which means that 
the spectrum of the transmitted signal was narrow enough to ensure that all frequency 
components were affected in a similar way. Fading was flat meaning that there was no 
frequency selectivity.
The frequency coefficient varied /  6  (19.1,40.9) among all presented models. Although 
the conducted measurements were narrowband, the models are applicable to wide-band 
mean path loss predictions, provided that the wide-band channel bandwidth lies within 
the range of studied frequencies. E.g. assume a typical UMTS network of bandwidth 
W  =  3.84MHz with carrier frequency f c =  2000MHz, so that the channel extends 
in 1996.16-2003.84MHz. The worst-case scenario is when /  =  40.9dB per decade, 
mapping to 40.9 log ~! j^ ** - 0.0682dB additional path-loss at the higher end of the 
band, compared to the lower end. Provided that the frequency response of the reflecting 
and diffracting wall material is constant for the studied band, the wide-band channel
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characteristics in terms of mean path loss can be approached by the narrowband mode 
predictions.
4.8 Conclusions
The procedure followed for developing an empirical model was discussed in this chap­
ter. The initiative force behind the endeavour to a novel model, was to extend the 
literature models antenna-height range to low-height (street-level) links. Thus the new 
models were aimed at being suitable for systems employing relaying and for low-height 
terminals. Two measurement campaigns were analysed, from many different areas in 
the UK, at different Ultra High Frequency (UHF) and antenna height configurations. 
The regression-analysis resulting formulas were formed of different expressions within 
LOS and NLOS cases, but a statistical approach can be employed, when the LOS in­
formation is unavailable. The effect of frequency, transceiver heights were found to be 
statistically important factors in the path loss estimation, whereas the environmental 
effect was accounted for by means of a calibration factor.
Due to the availability of data from two measurement campaigns, the path-loss estima­
tion errors between estimation and real values could be tested interchangeably. Note 
that, the two measurement campaigns were completely independent sets of observa­
tions, as they were performed by different personnel and equipment. The suggested 
models performed well in estimating the path loss in both cases: compared to the 
data-points from which they were derived, and to the other campaign’s data-points. 
It is remarkable that, the average error for the KEM 7  model, compared to the other 
campaign data-points, was as little as 0.153dB. The fact, that the model performance, 
in predicting the other measurement-campaign data-set, is suggestive of the validity of 
the analysis.
Herein, it should be noted that, the derived models, along with the ones suggested by 
the academia and industry, were based on measurement campaigns, which is also their 
main disadvantage: the experimental dependence, i.e. the correction coefficients that 
were introduced were calibrated for a particular geographic region.
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Additional Measurement Data Analysis
The previous chapter dealt with suggesting novel mean path loss models for the low- 
height channel. This chapter aims at complementing the path loss models with a shad­
owing and fast fading research. It also provides with an application of the mean path 
loss and shadowing models so as to better explain the suggested models applicability.
The Measurement Campaign A (MCA) and Measurement Campaign B (MCB) shad­
owing data were treated independently, and also preserving their grouping in Line-Of- 
Sight (LOS) and Non Line-Of-Sight (NLOS). Average signal variation is first calculated. 
Then, research about various factors affecting this average is conducted. The distri­
bution of the shadowing and fast-fading data is then sought. Analysis to assess the 
de-correlation distance is also performed.
The chapter continues with presenting the results from the unfavourable antenna po­
sition consideration. Then the results of the Measurement Campaign C (MCC) are 
presented. The chapter finishes with an application of the proposed models involv­
ing the UpLinlc (UL) coverage extension-evaluation of a multihop Universal Mobile 
Telecommunications System (UMTS) mobile system.
135
136 Chapter 5. Additional Measurement Data Analysis
5.1 Shadow Fading
Given the discussed parameters (antenna and building heights, LOS property, separa­
tion distance, and frequency), the path loss models described in the previous subsec­
tions, provide with a constant value for a given distance. The additive signal variation 
caused by obstacles in the propagation environment is discussed in this subsection. Note 
that, the cut-off distance criterion (Section 3.8.5), which was applied to the path loss 
model regression analyses, is also required for the shadow fading calculations. Omitting 
to do so, would yield to a shadowing decrease with the distance, as seen in the synthetic 
shadowing channel predictions.
The shadow fading values extraction methods were discussed in Section 2.1. This sub­
section continues with the verification of the correct extraction techniques, the shad­
owing distribution and standard deviation from the MCA and MCB, within LOS and 
NLOS conditions.
5.1.1 Shadow Fading Values Extraction and Verification
The path-loss data-points, as derived from (3.3), consist of two components: a) the 
mean path loss value and b) a macro-component, the shadowing values. The methods 
of achieving isolation of the shadowing component from the recorded path loss values are 
discussed in Section 2 .1 . In order to verify that the shadow component originates from 
a normally distributed population, the data was processed with a Lilliefors goodness- 
of-fit test [Lil67]. Additionally, the formal normality examination was abided by a 
graphical verification of the normal distribution propinquity.
5.1.2 Measurement Campaign A
The data-points were grouped according to the co-centric distance-rings and scenario 
(antenna height, urbanisation factor), in which they were recorded.
In the LOS case, selecting the distance-ring width at 20% of the radius, yielded to 3 
groups of data-points, each occupying a different ring. In each group, which consisted
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of more than 50 data-points, the standard deviation of the shadowing was calculated 
at: (Tlos =  9.92dB (first group), tfLos =  10.2dB (second group), and, ctlos ~  12.6dB 
(third group). The distance range ov^r which the standard deviation of the shadowing 
was performed was: d € (85,175)m, where the main volume of the LOS data-points 
were taken. Fig. 5.1 plots the co-ccntric ring average path loss for various distances 
from the transmitter d, under the LOS and NLOS conditions.
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Figure 5.1: Co-ccntric rings about the transmitter and the mean path loss, MCA.
In the NLOS case, selecting the distance-ring width at 5% of the radius, yielded to 
14 groups of data-points. In each group, which consisted of more than 50 data-points, 
the standard deviation of the shadowing was calculated. On average the shadowing 
was found: onlos =  9.83dB, and cnlos ^ (6.4,14.0)dB. This is in good agreement 
with [SS99, KKT07].
The probability density plot of the recorded shadow-fading data (bars) are compared 
to the theoretical normal curve of the the same standard deviation (line) in Fig. 5.2(b) 
and Fig. 5.2(d), and the respective normality plot is given in Fig. 5.2(a) and Fig. 5.2(c).
5.1.3 Measurement Campaign B
The data-points were grouped according to the c.o-centric distance-rings and scenario 
(antenna height, frequency, urbanisation factor), in which they were recorded.
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Shadow Fading [dB]
(a) LOS -  Normality plot
Shadow Fading [dB]
(c) NLOS -  Normality plot
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Figure 5.2: Shadow fading normality plot and PDF. The data pertain to the ring with 
boundaries 130 to 155m from the transmitter for the NLOS case, and with boundaries 
160 to 190m for the LOS case, where the most path loss recordings were taken, MCA.
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In the LOS case, selecting the distance-ring width at 20% of the radius, yielded to 2 
groups of data-points. In each group, which consisted of more than 50 data-points, the 
standard deviation of the shadowing was calculated at: ctlos =  11.4dB (first group), 
and (Tlos =  12.6dB (second group). The distance range over which the standard 
deviation of the shadowing was performed was: d € (80,100)m, where the main volume 
of the LOS data-points were taken.
In the NLOS case, selecting the distance-ring width at 5% of the radius, yielded to 407 
groups of data-points. In each group, which consisted of more than 50 data-points, 
the standard deviation of the shadowing was calculated. On average the shadowing 
was found: onlos =  7.48dB(±20%). This is in good agreement with [SS99]. The 
large number of groups permitted also performing regression-analysis to the variable 
(Tnlos- The following predictor terms were tried in the regression model: frequency, 
urbanisation factor, distance, and antenna height predictor-terms. However, the re­
sulting coefficients mapped to a model whose predictor-terms varied little the onlos 
prediction, and more importantly, lacked physical explanation. Therefore, it is not 
presented.
Fig. 5.3 plots the extracted shadowing values, which correspond to the error between 
the estimation and the data-points, for the LOS and NLOS conditions. The errors 
from both best-fit formulas (KEM7 , KEMs, KEMg) 1 are plotted, along with linear 
trend lines, to show the average error over distance d. The shadow fading values were 
extracted by using the path loss formula method.
The probability density plot of the recorded shadow fading data (bars) are compared to 
the theoretical normal curve of the the same standard deviation (line) in Fig. 5.4(b) and 
Fig. 5.4(d), and the respective normality plot is given in Fig. 5.4(a) and Fig. 5.4(c). The 
empirical Cumulative Distribution Function (CDF) of the LOS data was also tested 
against the Generalised Extreme Value distribution CDF, which is given by:
Fx (x) =  e- ( 1+^ ) " 1/?. (5.1)
The calculated best-fit parameters, by employing the Maximum Likelihood Estima­
tion (MLE) technique, were: location //, =  — 0.507dB, scale o  — 13.0dB, and shape
1 Konstantinou Empirical Model (KEM)
140 Chapter 5. Additional Measurement Data Analysis
t
f
u .
50 1 00 150
O stance from  the transm fle r J[mJ
500 1000 1500 2000 2500 3000 3500 4000 
Distance from the transmitter d [m]
(a) LOS (b) NLOS
Figure 5.3: Shadow fading over distance from the transmitter.
£ -  —2.88. The subscript “LOS” is omitted in this paragraph variables, for simpli­
fication purposes. The asymmetrical appearance of the shadowing may be explicable 
considering the expected limitation in the direction of signal amplification, suggested 
by the existence of a small number of dominant propagation paths. However, more 
groups of data-points are required to conclude on the best distribution-fit.
5.1.4 Autocorrelation Distance
To measure how well the shadow fading values along the travelled path were matching 
distance shifted readings of themselves, the autocorrelation function of the recorded 
data was derived. Routes of equidistant measurement-points were selected in order 
to calculate the autocorrelation, by using the Fast Fourier Transform (FFT) algo­
rithm [Pro04]
PS ( r )  =  T -  1  [^ ( {T S}) (^ ( {T S}))1  (5.2)
where ps(r ) is the normalised autocorrelation coefficient of the shadowing at distance 
interval r, T{.)  is the FFT function, JF_ 1  (.) is the inverse FFT function, {L s} is a 
sequence of large scale fading with equal distance interval, and the asterisk denotes 
complex conjugation. The exponentially evanescent function
Ps{r) =  e r/rc (5.3)
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Figure 5.4: Shadow fading normality plot and PDF, MCB.
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Figure 5.5: Autocorrelation plots for all paths with equidistant measurement points 
and exponential correlation fit, MCA. Thf autocorrelation function for the different 
paths is plotted with dots. The exponentially evanescent correlation best fit is plotted 
with a solid line.
is typically used for modelling the autocorrelation curve [SS99], where rc is called de­
correlation distance. The average value of de-correlation distance was calculated from 
the exponential autocorrelation function curves, that best-fit to the urban and suburban 
data.
Fig. 5.5 plots the autocorrelation function for the different paths (dots) and the ex­
ponentially evanescent correlation best fit (solid line) [Gud91], calculated from the 
shadowing data-points from MCA. It was found that the de-correlation distance, when 
the autocorrelation function dropped at the e - 1  level, plotted with a black horizontal 
dotted lino, ranged between 20 and 80m with a median value of 40m (suburban) and 
25m (urban). These results are in good agreement with the results in [WL02]. In MCB 
the de-correlation distance values are summarised in Table 5.1
5.2 Small-Scale Fading
For the path loss models and the large-scale fading analysis, presented in the previous 
subsections, the measurement-data were pre-processed with the Lee sampling criterion.
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Table 5.1: De-correlation distance in MCB.
/L /H
Urban 151 26
Suburban 156 29
By doing so, the fast fading signal component was averaged out. Accordingly, herein, 
in-depth statistics of the fast fading are presented. The fast fading is superimposed on 
the local mean value and shadowing variations of the local mean of the radio signal. The 
fast fading phenomenon is due to the multipath effect of the urbanised environment.
In MCB, the sampling rate of 100kHz (time resolution) was sufficiently high in order 
to be able to analyse the recorded data for small scale changes, which are typically 
experienced in half the wavelength [SZK+03]. Furthermore, the Doppler spread effect 
is neglectable for the slow speed of the vehicle carrying the receivers. The equipment 
used in the measurement campaign were not appropriate for recognising and capturing 
the signal angle of arrival. Therefore, only the received power was recorded and the 
fast fading study concluded with the signal envelope modelling. Note that, the data- 
points which are analysed in this subsection (small-scale fading) were restricted to a 
single measurement run (a single antenna height, frequency, and environment scenario 
is analysed).
Various distributions can be found in the literature for the representation of the sig­
nal envelope [SZK+03]. Several distributions were tried (Rayleigh, Rice, Nakagami,
Weibull, and Normal amongst others) to determine the best fit to the recorded fast-
fading data of the measurements, separately for LOS and NLOS conditions. Given 
random variable R, the probability density function p r { t )  of best-fitting to the data 
are given by:
V%tr> =  (5.4)
( 5 . 5 )
p“ '( r )  =  2 (£ ) '■  (5.6)
where r represents the resultant amplitude, cr2  represents the average signal power in the
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Rayleigh component, (s 2 / 2) represents the signal power in the dominant component, 
/ 0(.) represents the modified Bessel function of the first kind and of zero order, fi and 
w are parameters controlling the shape and spread of the distribution, r(.) represents 
the gamma function, and the superscripts “Rl” , “Ren” , “Nkg” denote Rayleigh, Rice, 
and Nakagami distribution respectively.
For each of the tried distributions, the respective best-fit parameters were calculated 
by using the MLE statistical method. First, the small-scale fading signal-amplitude 
was isolated from the large scale and mean path-loss variations. The empirical CDF 
of the derived fading amplitude values (in dBV) was estimated for each measurement 
burst, during which the vehicle can be assumed to be stationary. In succession, the 
MLE fine-tuned the respective parameters of each model theoretical CDF in search for 
the optimum fit. Since the fading-amplitude data-points were in the logarithmic scale, 
the models were also transformed to the log-scale. Two representative measurement- 
bursts, one for LOS and one for NLOS were selected for presenting the distribution-fit 
results.
The expected conclusion of the distribution fit within LOS, was that the small-scale 
fading followed Rician distribution, as seen in Fig. 5.6. The measured data are also 
plotted for comparison purposes along with the Nakagami fit, which has been shown 
to fit well to some urban multipath propagation data. A distribution fit analysis for 
different distance ranges from the transmitter showed that the Rician distribution is 
suitable for all the surveyed distances in LOS with the signal source.
In contrast to the Rician best-fit to the LOS fast fading, the measured data of the NLOS 
condition fit better to a Nakagami distribution, as seen in Fig. 5.6. A  wider fading-value 
spread is featured in the figure, approaching closer to the Rayleigh distribution fit. In 
the NLOS state the direct signal component is theoretically expected to be absent, and 
the receiver spectrum is more corrupted by noise. The Nakagami fit was found to outdo 
all other studied distributions for all the surveyed distance ranges from the transmitter. 
The latter distribution fit is a good compromise between the central related Rayleigh 
and non-central related Rician distributions, and is capable of approximating both over 
certain distribution parameter domains. The parameters of the three distributions that
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Figure 5.6: Probability density of the small-scale fading envelope in LOS (left subplot) 
and NLOS (right subplot). Note that, the x-axis is in logarithmic scale, the fading 
amplitude is expressed in dBV, and the plotted distribution curves correspond to the 
Log-Rice, Log-Nakagami, and Log-Rayleigh PDF.
fit. best to the fast fading data in LOS and in NLOS conditions are summarised in 
Table 5.2.
Table 5.2: Parameters of the three distributions which fit best to the fading-amplitude 
data-points within LOS and under NLOS condition. The RMS function is used to 
estimate the error between the empirical and MLE CDF in each distribution-fit, and. 
thus, the RMSE lacks units; coeff: distribution coefficient; see (5.4), (5.5). and (5.6), 
MCB. ____________________________________
Distribution Fit Rice Nakagami Rayleigh
coeff
LOS
K  =  12.6dB
//. =  18.5dB 
uj =  1.04dB2
rr =  0.722dB
RMSE 0.187 0 . 2 2 2 0 487
coeff
NLOS
K  =  4.17dB
/i =  3.03dB 
w =  l .l ld B 2
a =  0.745dB
RMSE 0.036 0.014 0.128
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The Rician factor K  can be defined as the ratio of the strongest path component to 
the rest components and is given by:
s 2 / 2
K  =  lO log— -  
ai (5.7)
where K  is expressed in decibels. The dominant specular component in the LOS 
street is the major feature of the received power at the receiver terminal, while the 
multipath component has a power of K  times below the steady signal. Almost all 
values of K  factor are above OdB, meaning that for both LOS and NLOS conditions 
the fading data can be better described by the Rician distribution function, and that 
the Rayleigh distribution, being approached when the K  factor moves towards — co, is 
not appropriate for the fading fit. The distribution of the K  factor can be approximated 
by the normal density function, given by:
where N(fi, <r) is the probability density function of the normal distribution, and with 
the following parameters: for the LOS case (/zk =  10.9dB, cji< =  6.5dB) and under the 
NLOS condition ( / z k  =  5.6dB, ok  =  2.5dB). All the variables in (5.8) are expressed in 
decibels. The results agree well with [IST03b],
5.3 Unfavourable Antenna Position Consideration
The above analysis has been focused on presenting empirical models for low height 
terminals, separately under LOS and NLOS conditions, and taking into account the 
effect of the antenna heights. This section considers the effect of the receiver antenna 
siting, which is important, in the case of a mobile multi-hop network, where the nodes 
may be positioned in an unfavorable location, e.g. inside a trouser pocket, a handbag, a 
briefcase, etc. In such cases, the propagation is expected to manifest degradation of the 
received signal power level. As a typical example, Fig. 5.7 plots the path loss against 
the distance from the transmitter for the HL (crosses) and Hi-Car antenna placement 
configuration (circles), in Holborn, MCA. Hi—Car refers to the Vehicle, Pocket, and 
Briefcase antenna siting scenarios (see Table 3.4), which were found to be indistin­
guishable. In the figure, note that, both plots extend further than the cutoff distance
I< =  N(fiK,crK) (5.8)
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Figure 5.7: Comparison of the path loss between a favourable antenna positioning HL 
and an unfavourable Hi Car in Holborn, Measurement Campaign A.
Table 5.3: Mean extra path loss due to unfavourable receiver location.
Comparison between
LOS NLOS
HL and High-Car [dB]
Holborn 8 . 2 6.4
Kingsland 14.0 13.6
(Section 3.8.5). because their difference in terms of path loss is more obvious in that 
regime. Yet, only the measurement-points closer than the cutoff distance were included 
in the analysis.
Table 5.3 summarises the extra path loss, as a constant additive extra path loss, that 
was calculated within LOS and NLOS from the transmitter. Although there were mea­
surements for many different unfavourable receiver antenna locations, the unfavourable 
siting extra path loss could not be resolved into more insight information. Yet, different 
extra path loss was measured depending on the urbanisation of the measurement area. 
The results presented in Table 5.3 are in good agreement with [HNB01].
Note that, the suggested values incorporate the effect of the immediate environment 
on the antenna gains.
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5.4 Results of the Measurement Campaign C
Fig. 5.8 plots the recorded receiver power for the following two measurement cases: 
UMTS (2137.4MHz) monopole (Case I), and UMTS(2137.4MHz) dipole (Case II). The 
red line follows all the taken measurement-points, the blue line is the local average, 
which is also provided as a number, located below the capital letters (A-S) that denote 
the measurement position. The received power plots of the other studied frequency 
(Global System for Mobile communications (GSM) 810MHz) were similar, and, there­
fore, are not presented. Note that the sample size in measurement locations “N” and 
“O" were not considered adequate, and thus, the respective measurement-points were 
excluded in the further analysis, in all frequencies and antenna types.
levelling tins [minute]
(a) Oise I (b) Case II
Figure 5.8: Revived power in the same locations but by using different antennas, MCC.
The receiver power difference, between the Case I and Case II, was compared, and found 
that on average, the mean value of the receiver power-difference is 5.3dB. Fig. 5.9 plots 
the local recorded receiver power for Case I (Rx monopole). Case II (Rx dipole), and 
the difference between them (difference), for each of the 17 different measurement- 
locations. Similar analysis, conducted for the other studied frequency (GSM 810MHz), 
yielded to 4.7dB of recorded receiver power difference.
The car roof is theoretically a sufficiently large conducting planar structure in order 
to consider that the monopole reflection can be conceived as a dipole antenna. This is
0 10 20 X  40 50 60 70 B0
travelling time [minute]
5.5. Application 149
E 'CE0
1
CLMa
*100
2 4 6  8  10 12 14 16
Location
Figure 5.9: Tin- recorded receiver power for: Case I, Case II. The difference between 
them is also provided. Each tick-label in the x-axis ( 1 - 17) corresponds to the 17 
different measurement-locations (A-S), respectively, MCC.
because the car roof is many times larger than the wavelength. However, the measure­
ment analysis showed that, the measurements conducted with the monopole antenna, 
require a correction factor, to be compatible to those which were conducted with the 
dipole. The MCA and MCB recorded receiver power was calibrated accordingly to the 
MCC results.
5.5 Application
The objective of this subsection is to present how the developed models can be used in 
practice.
5.5.1 Scenario Description
The presented example deals with an elementary application which involves the UL 
coverage extension-evaluat.ion of a multi-hop UMTS mobile system. The typical urban 
(below rooftop) propagation scenario is assumed, and two typical links of the system
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are examined: a) the Base Station (BS) to Relay Station (RS) for which the Walfisch- 
Ikegami model is assumed and, b) the RS to Mobile Station (MS) for which the proposed 
propagation model is utilised. Fixed RS are assumed, at 3m height (VHH and HH in 
Measurement Campaign A and B, respectively). For the purpose of this application 
the weighted path loss (4.12) and KEM4 , KEM 5 , KEMg, KEM 7 , KEMs, KEMg were 
employed.
The application parameters are summarised in Table 5.4, where most values are in ac­
cordance to [Wor06] or the results of the previous subsections. In the assumed two-hop 
communication system, the cell boundary extends deep into the NLOS region, which 
is principally valid because of the LOS property prompt exponential decay with the 
distance from the transmitting source. A zero-mean ( m s h / l h  — 0) normally distributed 
shadow fading is considered, with a standard deviation of 0sH/LH =  10dB, as in [IST03a] 
for the urban environment. We also assume that the coverage level is aimed at 90%, cor­
responding to a shadowing variability margin coefficient of 1.25, as calculated in [SS99]. 
Similar to the conventional Wideband Code Division Multiple Access (W-CDMA) link, 
the assumption of the relay cell'extending into the NLOS region is maintained, thus 
adopting the normal shadowing with pp2P =  0 and <rp2 p € {7.48,9.83}dB, as calcu­
lated in Section 5.1. Note that, the shadowing standard deviation parameters in this 
subsection are all referring to the NLOS condition and thus the subscript “NLOS” is 
omitted for simplification purposes.
The discussion follows with the presentation of the extension planning of the conven­
tional network using RS'about the microcell. The number of RS required to cover the 
second tier around the Single Hop (SH) circumference tirs and the respective coverage 
extension, however, is dependent on the employed Peer-To-Peer (P2P) path-loss model. 
It can be easily calculated that, the number torn is given by:
™RS =
7T
arcsin nts <  RBS (5.9)
where is the ratio of the cell range of the RS cell trs over the cell range of the single 
hop cell 7?.bSi and the square brackets [".] denote the ceiling function. Note that, (5.9) 
has a practical meaning, only when ?’r s  < Rbs, because it is expected the micro-cell to 
be greater than the RS coverage.
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Table 5.4: The parameters of the assumed multi-hop UMTS mobile network. The 
function N (/i, a) denotes Normal Distribution PDF of mean p and standard deviation a.
System Parameter Value
Thermal noise power -103dBm
Gain BS/M S/RS (G b s / G m s / G r s ) ll/0 /0 d B i
Required E^/No 2.4dB
Service/Rate Data/144kbps
Carrier frequency / c 2000MHz
Chip rate 3.84Mcps
Data channel maximum power Pr,max +21dBm
Shadowing SH/LH links N(0, crSH/ LH =  10dB)
Shadowing P2P Links V(0,<7p2 p)
Shadowing Variability Margin Coef. ts 1.25 (90% coverage)
5.5.2 Regular Relay Placement
Fig. 5.10 plots the overview of the coverage extension of the mobile network, assuming 
a circular cell shape for convenience, and by employing the KEMg model for the P2P 
links. For the SH communication the 50% (dashed line) and 90% (solid line) coverage 
levels are plotted. The rips in number RS are permitted to be positioned out of the 90% 
coverage radius. This is because, regardless of the SH communication path loss model, 
outside of the 90% coverage region, in the 50-90% range, there are more locations that 
are being served successfully by the BS than those that are not being served. It is 
assumed that the fixed-position of the RS will be appropriately selected, i.e. the RS 
will not be deliberately placed in a radio shadowed position.
This exterior placement of the RS reassures the maximum coverage extension without 
creating new coverage holes on the overview map, while maintaining a strong communi­
cation link with the BS. The coverage extension (at 90% coverage level) provided with 
the two-hop communication-system is plotted (dashed lines) around each RS location. 
Adapting the circular cell form, the cell is, on average, extended to the dash-dotted
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Distance normalised by the cell radius
BS90 ------------ BS50  R N 9 0 ----------------Ext
Figure 5.10: Overview of the extension of the UMTS network by using RS about the 
BS BS90: the single-hop 90% coverage level; BS50: the single-hop 50% coverage level; 
R.N90: the two-hop 90% coverage level; Ext: the two-hop extension with the circular 
cell assumption.
line. Table 5.5 summarises the cell radius and coverage area promotion by employing 
different literature- and the suggested-path-loss models. Note that, not all path-loss 
models yield a solution, e.g. the European Telecommunications Standards Institute 
(ETSI)-Bcrg NLOS model suggests a more optimistic P2P path-loss, compared to the 
SH (regardless of location variability <7nloS) within the found range), which renders it 
inapplicable and its predictions untrustworthy.
5.5.3 Maximum Cell-Range Extension
The assumption that the cell has a circular shape is an abstract theorisation and devi­
ates remotely from the urban cell in radio planning. The mobile operator has cognisance 
of the coverage-hole locations, e.g. by dropped calls, and directing the coverage exten­
sion towards these regions the shadowing can be efficiently combated. This can be 
observed better in Fig. 5.11, which plots several path loss lines originating from either 
the BS or the fixed RS. for the same assumed parameters (see Table 5.4), where a) 
is the path loss between the BS and a MS, as predicted, for 50% location coverage,
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Table 5.5: The range and area extension factor, calculated for speech (12.2kbps). Dif­
ferent cell range extension estimation is predicted by employing different P2P path loss 
models, meaning that the relaying application success is sensitive to the correct model 
selection. Note that some models do not yield cell range extension estimations, as they 
are over-optimistic. Ext: extension.____________________________________
<7P2P — 7.48dB <TP2 p =  9.83dB
Propagation
model
^RS
Range ext. 
factor
Area ext. 
factor
nos
Range ext. 
factor
Area ext. 
factor
if (5.9) if (5.9) if (5.9) if (5.9)
COST231-Hata 4 1.60 2.55 5 1.59 2.52
ITU-R NLOS 4 1.41 1.99 N /A
ETSI-Berg NLOS N /A N /A
ETSI-WI 4 1.41 1.98 5 1.45 2 . 1 0
Har et al NLOS N /A 3 1.58 2.49
Patwari 
et al NLOS
5 1.53 2.34 6 1.51 2.28
Wang et al NLOS 7 1.32 1.73 8 1.29 1.67
Konstantinou 
et al NLOS
4 1.71 2.93 4 1.45 2 . 1 0
KEM6 3 1.54 2.38 4 1.44 2.07
KEMg 4 1.69 2.87 4 1.46 2.13
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i.e. the median path loss value, by the COperation europeenne dans le domaine de la 
recherche Scientifique et Technique (COST) 231 Walfish-Ikegami path loss formulas for 
BS antennas situated below the roof-top level separately for LOS existence in a street 
canyon and under the NLOS condition, but combined to produce a smooth transition 
from LOS to NLOS states via a weighting structure presented in (4.12). Since the posi­
tioning of the fixed RS will be strategically selected this curve may thus be representing 
the BS-RS link path loss, b) and c) are the lower and upper <xSH/ LH =  lOdB normally 
distributed shadow-fading-margins of the a) curve, allowing for a 10% and a 90% lo­
cation coverage, d) is the path loss prediction for low-height-terminal-links between 
the RS and the MS, deteriorated by the location-variability-margin to allow for 90% 
location coverage, e) is the LOS path loss between the RS and the MS which converges 
to the NLOS state at far distances from the RS, to account for the deficiency of LOS 
paths, allowing for a 1 0 % location-coverage and taking into consideration a transitional 
shadowing value for said coverage level from the LOS to the NLOS condition, f) is the 
maximum allowed path loss in the system, calculated from the system parameters, at 
Lmax ~  140dB.
Note that, the lines d and e are plotted on either side of the RS. This is because the 
RS-cell extends from the RS position towards the BS, as well as towards all other 
directions. Also note that, the communication path between the BS and the RS can 
be at the desirable link-quality status, dependent on the prior planning of the fixed 
RS installation. As seen from the figure, approximately 50% of the locations at the 
required distance (1.75 times the BS-cell radius) are covered by the BS-cell.
Observing a mobile user travelling outwards from the BS, the capability to handover 
from SH to two hop link communication by switching from curve c (b) to line d (e) 
if in NLOS (LOS) with the RS induces an extension of the cell coverage area, which 
is calculated as follows. Let LSI^ (.) the inverse SH path-loss function, e.g. in this 
example is the Walfisch-Ikegami, and Lmax the cell-edge propagation-loss. Thus, the 
SH coverage range — at 90% level, ts =  norminv(90%, 0,1), where norminv(p,p ,<r) is 
the normal inverse function with parameters p and a at the corresponding probability 
p —  is given by:
do =  ■Lgjj(Lmax H- ^s^sh)- (5.10)
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Figure 5.11: 90%, 50% and 10% coverage-level path-loss curves of a multi-hop UMTS 
network. Note that, the path-gain (y-axis) refers to corrected values, considering the 
respective gains, noise figures, etc. of the different receivers. The aim of this was to 
equalise the different receiver’s sensitivity and render the plots compatible. The figure 
is produced by employing the suggested <rp2p =  7.48dB value; see Section 5.1.
Let di the distance of the RS from the BS and d the variable distance of the MS from 
the BS, then the path loss from the R.S is given by:
Lp2 P =  PLOs(\d -  d\ |)Llos + C1  — P los(Id -  d\\))Ll^ Pos (5.11)
where p l o s  is given by (4.13). all(l -^NLOS can be any P2P path-loss model for
the LOS and NT,OS conditions. However, at the edge of the RS-cell (d. »  di), it
can be assumed that the LOS condition is inappropriate, thus plos(|<  ^~ di|) «  0 and 
Lp2 p ~  ijvi’ os- Assuming the same rate and required Signal to Interference-plus-Noise 
Ratio (SINR) levels for the RS and MS, in both hops of the two-hop communication, 
then the RS-cell extends to the maximum path-loss Lmax, and:
d\ — do — Lp2 p(Lmax -  Grn — Gms +  Ts^ F2 p)- (5-12)
Combining (5.10) and (5.12), the furthest BS—RS separation-distance is derived:
d\ LSp(Lmax -  Gbs -  Gms -I- tscrsH) +  Lp2 P(Lmax -  Grn -  Gms +  ^crp2 p) (5.13)
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and the respective extension is given by:
de 2(di — do) ps 2Lp2p(Lmax — Grn — Cms T s^°’P2 p) (5.14)
where d0 is the approximated expected coverage extension, and the coefficient 2  is due 
to the extension range stretching both towards the BS, and outwards.
Thus, concentrating towards the direction of the coverage hole the achievable cover­
age gain is maximised. A numerical result for the presented application (for <rp2 P 
7.48dB), and by employing the Walfisch-Ikegmi (SH) and Konstantinou et al (P2P), 
yields an extension of about 145% with respect to the SH communication range. Al­
though this extension may seem large, it is reminded that the above example corre­
sponds to the maximum extension and creates coverage-holes. The large extension 
is expected, since the Walfisch-Ikegami and Konstantinou et al NLOS models pro­
duce very similar path-loss estimations (e.g. -LjJlos =  159dB and -h^LOS =  156dB 
for d — 1km) and the BS antenna gain C?bs  participation in the SH total path-loss is 
counterbalanced by the smaller shadowing margin of the P2P NLOS communication 
(<7 P2 p < °sh/Lh)' Likewise, by following the same analysis, more pessimistic multi-hop 
extension results can be obtained by employing the suggested crp2 P =  9.83dB value.
5.5.4 Minimum Cell-Range Extension
In order to complete the picture of relay-enhanced UMTS dimensioning, a discussion 
on the lower bound of cell-range extension is provided in this subsection. In the worst 
case scenario the RS are situated “deep” inside the cell, i.e. close to the BS, so that 
the additional range that the RS provide through P2P connectivity is already inside 
the SH coverage area. In this case there will not be any cell-range extension.
However, it is reminded that this subsection considers only benefits arising in the 
form of coverage, neglecting the capacity enhancement in the network. The system’s 
capacity can be potentially increased, even with a RS positioning that would not offer 
any coverage benefit. In such a case, the MS will be served by the network access 
point with the strongest pilot channel, either the BS or the RS. Thus the BS will be 
off-loaded and the traffic will be diverted to the RS.
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5.5.5 Nonreciprocal Mean Path Loss Model Usage
The previous subsection suggests employment of the derived mean path loss expressions, 
so as to perform cell-range evaluations. Although in the proposed formulas the height 
of the transmitting- and receiving-end are clearly defined, a question arises by the usage 
of the nonreciprocal expressions. Non-reciprocity may be attributed to many factors: 
nonlinear propagation effects, objects in the near-field environment. The regression 
analysis was performed with the maximum statistical freedom so as to derive the best- 
fit formulas.
Reciprocal expressions can be deduced from the nonreciprocal formulas by averaging 
the path loss transmitter-receiver and receiver-transmitter estimations. However, the 
most correct way of usage of non-reciprocal models is to relate the transmitter height to 
the fixed- and the receiver height to the mobile-node of the communication pair. This is 
because it is irrelevant for the path loss estimation which on which communication-end 
the transmitter and the receiver lie.
5.6 Conclusions
Pertinent issues to the shadowing and fading statistics were pursued as a complement 
to the empirical model. Shadowing distribution was compared to the extreme value 
and normal fit separately for the LOS and NLOS shadowing data-points. The shadow­
ing de-correlation distance was also calculated. Regarding the fast fading component, 
the distributions found to best-fit to the measurement-data were the Rician within 
LOS and Nakagami for NLOS. The estimated normalised correlation delay from fading 
autocorrelation was found to be bigger than the Rayleigh channel conventional value.
The chapter finished with an application of the suggested models in the evaluation of 
the coverage extension of a relay-enhanced UMTS-based network. It was shown that the 
coverage extension is sensitive to the path loss model and therefore the proposed models 
that fit well to the recorded path-loss data-points, are suggested for use. The models 
derived from MCB are more trustworthy, since they extend into the frequency dimen­
sion. Two-slope LOS formulations were shown to fit better to the recorded path loss
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values than their single-slope counterparts, and therefore should be preferred. However, 
several applications are simplified by using single-slope expressions thus these were also 
included as they are well-fit regression results. At any rate, the reader is advised not to 
extrapolate outside the scope of variables when using the suggested empirically-derived 
formulas.
Chapter
Formulation of the Powers of the 
Multihop UMTS
6.1 Introduction
This chapter provides a formulation of the transmit powers of a relay-enhanced Uni­
versal Mobile Telecommunications System (UMTS), in an urban environment. The 
research is focused on UpLink (UL) capacity while considering the DownLink (DL) 
transmissions as well. Fixed (optimally positioned) or mobile relays are considered.
Firstly, the system model is explained, followed by the deployment scenario, the prop­
agation models, a summary of the notation used and a brief discussion on the appli­
cability of the suggested transmit power formulation. Empirical path loss models are 
employed for an example urban network laid out on the Manhattan grid.
Different frequency allocation schemes are identified for allocating frequency on the 
two hops of communication (source to relay and relay to destination) on two different 
links: UL and DL. Two promising schemes are compared with respect to their power 
saving, under the assumption of optimum relay positioning. Optimum relay position 
is found by an exhaustive search and to this end, an analytical approach to find the 
power solution of the whole system for an assumed relay position is proposed.
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Furthermore, the linear set of equations which define the system powers are derived 
separately for the Non-Relaying (NR) and the relaying case. Following this, the results 
provided by the application of the Foschini-Miljanic algorithm (FMA) in a system- 
level simulation are compared to the transmit power solution, and a discussion follows. 
The analytical expressions are employed to evaluate the relaying system performance. 
Additionally, directional antennas with varying antenna gains at different transceiver 
nodes are assumed and the effect of this variation on the optimum relay positions is 
observed.
It is shown that the introduction of relays in the UMTS system saves power (as a 
consequence it generates less interference to the system as well) and also increases 
the maximum achievable load factor by 6 %. For a more realistic system (shadow­
ing, mobility model, random user distribution, practical transmit power restrictions) a 
system-level simulation (presented in detail in Chapter 7) is employed to show that for 
a given outage probability relaying can achieve a higher load factor.
6.2 Transmit Powers of Relay-Enhanced UMTS
6.2.1 Model, Deployment Scenario and Assumptions
In this subsection, the system model is discussed, which is the framework for developing 
the transmit power formulas. The deployment scenario, which is selected to be the same 
as in the following chapter, is also discussed briefly. Then the assumptions which are 
required to continue the analysis are stated.
System Model Description
The UL of a UMTS/Frequency Division Duplex (FDD) is considered. Whereas in the 
conventional, Single Hop (SH)-only, UMTS there are two types of terminals, namely 
Base Station (BS) and User Equipment (UE), in the relay-enhanced UMTS there is a 
new type: the active repeater transceiver Relay Station (RS). It is imperative that the 
analysis has a multi-cell nature, in order to take into consideration the potential traffic- 
diversion function of relaying [WQDT01]. Therefore, the analysis focuses on a single
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Figure 6.1: The urban cell overview. The frames refer to Fig. 6.2. Fig. 6.3, and Fig. 6.5.
cell and, by assuming symmetry in the link topology, the multi-cell system is modelled 
by introduction of the other-to-own cell interference ratio tj. Herein, it should be noted 
that in the case of traffic.-diversion relaying, due to the assumed symmetry, there will 
be equivalently, similar relayed links originating from neighbouring cells routed to the 
BS of the examined cell.
The selected deployment scenario is the urban Manhattan grid. The dimensions of the 
building blocks, roads, and inter-site distance is given in [ETS04], The urban-cell in 
this scenario differs fundamentally from the classical circular or hexagonal cell-shape 
approach. This is due to the cell-extension-along-the-street pattern and the inherent 
shadowing caused by the corners of the building blocks, creating coverage dead-zones; 
see Fig. 6.1.
Let the Mobiles in Outage (MO) be the UE which are opted for multi-hop communi­
cation and Mobile Station (MS) be the UE in SH-communication with the BS. The 
terminals RS and MO can be distinguished in accordance to their participation in the 
two different functions: same-cell and other-cell relaying. This results in the following 
abbreviations: MO Same-cell (MOS). RS Same-cell (RSS) arc the MO and the RS which 
in both non-relaying and relaying systems are being served by the BS of the examined 
cell, while on the other hand MO Other-cell(MOO) and RS Other-cell (RSO) are the
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Figure 6.2: The terminal positions overview.
MO and RS of a neighbouring cell which opt to relay their traffic to the examined cell’s 
RS. Fig. 6.2 plots the different terminals and their positions on an examined cell and its 
immediate neighbours. Note that there are no MOS or RSS plotted, as the same-cell 
relaying will be shown not to present any practical benefit in decreasing the system’s 
total transmit powers1. The above statement means that MOS which cannot find a RS 
to divert their traffic to a neighbouring cell will face decreased quality of service. In a 
real network their call would be either handover-ed to another frequency or it dropped. 
However, in this system model it is assumed that both studied frequency bands are 
populated evenly and that the calls are not dropped but their Signal to Interference- 
plus-Noise Ratio (SINR) is reduced. The plot, on the other hand, shows the position of 
the other-cell relaying IT!, namely MOO, which, in the conventional UMTS would be 
serviced by the neighbouring cells, but in the multi-hop UMTS are opted to relay their 
traffic to the examined cell’s BS, via the RS. The positions of the neighbouring cell 
terminals are also plotted. The examined cell is shaded. All the terminals are assumed 
to be positioned on a line in the middle of the road.
Only two MO are considered per cell, one at cither side. The positioning of the two 
respective RS was performed by exhaustive search along the line of the main road and
'The multihop connectivity provides with opportunistic advantages. This idea was introduced in 
Section 2.5.1.
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Figure 6.3: Frame b2 . Directivity gain lobes of RSantLH and RSantp2 p.
side street (inclusive of street corner), seeking to minimise the interference at the BS, 
thus maximising system capacity [YY04]. Preserving the symmetry, the RS positions 
are symmetrical about the BS location.
Each RS is assumed to possess two antennas: one for the BS (RSantLH) and one for 
the MO links (RSantp2 p). In accordance to the RS position (on the main road, at the 
corner, or inside the side street), each antenna may be considered to have a different 
radiation pattern. E.g. inside the side-street, the system performance would benefit 
from Peer-To-Peer (P2P) antenna directivity gain towards the MO, however, at the 
same RS location, a similar gain-lobe consideration for the Last Hop (LH) antenna is 
not of importance; see Fig. 6.3. The figure shows the radiation pattern (azimuth) of 
the two RS antennas, depending on the RS location. The elevation radiation pattern, 
considered to be of the same shape as in the azimuth, is assumed to have its peak gain 
towards the BS (RSantLH) or MO (RSantp2 p). Note that, when the RSs are positioned 
on the main road their patterns are facing each other, however, the interference between 
them is reduced, assuming the elevation-angle difference.
The assumed path loss models, for the SH and relay communication, and several system 
parameters are summarised in Table 6.1. The Wireless world INitiative NEw Radio 
(WINNER) II [IST07] path loss model was chosen, referring specifically to a Manhattan­
like grid street-layout. This model and the jointly used P2P model for street-level 
links [KKT07] are both empirical in nature.
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Tabic 6.1: System parameters; MCL: Minimum Coupling Loss.
Parameter Value
Inter- to intra-cell ratio 77 0.2 [Dou05]
BS/MS Gain 11/OdB (omni) [ETS04]
RS Gain GnRs e (0, ll)dB i
RS radiation pattern [Mol04]
BS/RS/M S Height 5 /3 /1 .5m [SS99]
BS/RS Thermal Noise IVbs/Wrs/IVms -103/-99/-99dBm [ETS04]
Path Loss Model SH/LH: [IST07], P2P: [KKT07]
Effective Height 1.0m [IST07]
Frequency 2GHz [HT02]
SINR Target a dependent on rate r [HT02]
MCL LH, SH 53dB [ETS04]
MCL P2P 32.4dB(o?P2p =  0.5m)
Baud-Width W 3.840Mcps [HT02]
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6.2.2 Frequency Allocation Schemes
A two-hop system is examined, i.e. relaying is only permitted once, which has been 
found to simplify the routing protocols and, in general is preferable [WG04]. It is 
assumed that, the system uses two pairs of 5MHz channels: two UL (fit, f2 t) and two 
DL carriers (fit, f24-)j and that both UL bands are used for both SH and multi-hop 
links. The symbols t  and t  are used to signify UL and DL communication, in order 
to reduce the number of variable subscripts that are required in the following analysis. 
Frequency orthogonality between the hops is assumed; the MO use two carriers (one 
UL and one DL) for the MO-RS links (P2P), and the other two for the LH links. For 
example, the MO in fl (M Ofl) employ RS (RSfl) to communicate with the BS, thus 
forming the P2Pfl and LHfl links, each of which may be occurring in either of the f l f ,  
f2|, f2|, or fl| carriers; see Table 6 .2 . Note that, the relay-formed links are denoted by 
the frequency of the respective MO, not by that of the employed carrier. In the above 
example, the P2Pfl and LHfl links are denoted by fl, although any of them may be 
occurring in an f2  carrier.
The data channels for duplex relay communication are formed by combinations obtained 
from the following grid:
SH
P2P
LH
fl
f2
t
I
Twelve different combinations (data channels) are formed, by combinations of one 
element from each column. These channels need to be admitted in four system carriers.
In admitting channels in the available carriers there are several link concurrency- 
restric.tions that define avoidance scenarios. The following cases of avoidance are reck­
oned:
1. Concurrent transmitting and receiving in the same frequency carrier, provided 
that no interference cancellation at the BS and/or RS is assumed.
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2. Serving the sum of users from both frequencies in one carrier, due to capacity 
limitations at the BS.
Taking into account the above restrictions, the four SH links can only be accommodated 
each in a different carrier. Having established the SH links in the four carriers, each 
of the LH links have the choice to be accommodated in two different carriers (e.g. the 
LH flf in the carrier with SH flf or SHf2f). Finally, with regards to the P2P links, 
the accommodation choices are given by example. The P 2P flf has the choice of being 
accommodated in two different carriers (any carrier, excluding the one being employed 
by LHfl links, both L H flf and LH flf). The P 2P flf can only be accommodated in one 
carrier (the one which does not accommodate LHfl —  both L H flf and L H flf —  or the 
P2P flf links). Similarly, the P2Pf2f can be accommodated in two different carriers and 
P2Pf2f in one. The different frequency schemes that are produced, axe 64 in number. 
Further restriction in the link accommodation would be to allow only three types of 
links in each carrier, providing thus relative equality in the link distribution among the 
carriers, which narrows down the different frequency schemes to 32 cases.
Different frequency schemes alter the interference reception by defining the terminals 
that are assigned to receive at a particular carrier, so that if, for example an RS is 
receiving a great deal of interference from nearby SH users in one scheme, by changing 
the frequency allocation, the RS may be switched to transmit at the said frequency 
band, thus shifting the interference to the BS. This is more apparent in Fig. 6.4, which 
plots schematically the occurring links between the terminals for two carriers and two 
frequency schemes (FS1 and FS2 ). In FS1 the P2P-originating interference at the BS 
is lower than in the FS2. The interference levels at the RS are also altered between FS1 
and FS2, however, calculation of the transmit power levels in the system is required, 
for adjudicating which of the FS1/FS2, the interference at the RS receiver is less.
The 32 different frequency scenarios can be classified into two broad categories de­
pending on the frequency load-balance and the carrier concurrency of the P2Pf and 
LH f/SH f communication links. The classes were indexed:
a) evenly distributed load and concurrent UL,
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Figure 6.4: Schematic showing the links, as formed under FS1 (upper-) and FS2 (lower- 
row subplots). The links are provided for two frequency bands: f i t  (left-) and f i t  
(right-column subplots). In essence, the figure presents graphically, in a single cell, the 
links that are described in the first and last columns of Table 6.2: f i t  and fit.
b ) evenly distributed load and non-concurrent UL,
c) uneven load and concurrent UL, and
d) uneven load and non-concurrent UL.
There is a sole frequency scheme in class a: the already referred Frequency Scheme I 
(or FS1). The same as for class b: Frequency Scheme II (or FS2 ).
Furthermore, unevenly distributed load can be dealt with frequency-band handover. 
Therefore, the research was focused on FS1 and FS2); see Fig. 6.4 and Table 6.2. 
In Table 6.2 the Roman numbers I and II denote the two Frequency Schemes. The 
transmit/receive status (Tx/R x) of the RS, dictated by the LH connectivity is also 
provided.
The users are placed at fixed positions, uniformly distributed in the cell. Therefore, 
with the assumption that the two frequency bands are equally populated, and that 
in both bands the terminal positions are matching, the P2P transmissions which are 
related to the MO of the second band are coinciding with the P2P links of the MO
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Table 6.2: Arrangement of the multi-hop UMTS links.
f it f2t u fit
SH SHfit SHf2| SHf2t SHfit
LH LHLt LHf2t LHf2| LHfit
RSfi Tx
(I) P2Pfi|
(II) P2Pf!4,
(I) P2Pfit
(II) P2Pfxt
Rx
RSf2
(I) P2Pf2f
(II) P2Pf2|
Tx Rx
(I) P2Pfat
(II) P2Pf2f
pertaining to the first band. This facilitates the analysis, because the powers can be 
shifted to a single frequency.
The presented analysis is effective for a network operator which deploys in two UMTS 
frequency bands. However, the analysis is similar if one or more frequency bands are 
used. This is because shifting the powers to a single frequency is equivalent to use the 
same frequency band for P2P, LH and SH links.
6.3 System Analysis
6.3.1 Summary of Notation
The total path gain (inclusive of antenna gains) is represented by g ,  power by p, achieved 
SINR by a,  service bit-rate by r, and an auxiliary parameter by q.  The transmitting 
source is defined on the superscript of the above variables. Especially for the path 
gain g , first the transmitter and then the receiver are defined, separated by a comma. 
The subscript on the said variables, g ,  p, and <j, denote the index of the superscripted 
terminals. Particularly for the path gain g ,  which is defined by a couple of terminals, two 
indexes are required, written in the same order as the referred superscripted transceivers 
and separated by a comma. Since the analysis is confined to a single cell, a sole BS 
exists, and therefore the path gain g  of a link with receiver at BS, requires merely 
the transmitting source index. Note that, the non-reciprocal P2P path loss model,
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generally maps to gJ*'Rx ±  g f* ’Tx-
On the other hand, the variables which are associated with the receiver end, i.e. the 
thermal noise power N  and the total interference at the receiver I  have a single super­
script, which defines the receiver type. The subscript refers to the index of the receiver 
of that type.
6.3.2 Relaying Applicability on the Studied System
Having established the notation, the analysis continues firstly with an examination of 
the relay function applicability to the described system. It will be shown that, in the 
urban micro-cell deployment and under the suggested path loss model selection, the 
same-cell relaying does not decrease the total transmit powers, which would possibly 
lead to interference reduction. To show this the total transmitted power in the case of 
relay communication is compared to the total transmitted power in the case of a direct 
link. Assuming that the receiver sensitivity in the BS and RS is equal2, a single link i 
is examined, with and without relaying3. The following quantity is calculated, which 
is the increase in total transmit power due to relaying
1 ~ ft / „RSS,BS . , / MOS,RS\ ! / MOS,BS\
l°gio(l/gi + 1 / 6  i )-logio(l/gi )• (6-1)
The region in which the quantity (6.1) is negative defines the terminal positions range
leading to a reduction in link transmit powers. Fig. 6.5, Frame c plots the contour of
the quantity (6.1) for various terminal placements along the street. The x-axis is the
BS-MO distance, d, normalised by the cell edge distance, which for the Manhattan
deployment scenario is 180m, i.e. half the inter-site distance between two BS in Line-
Of-Sight (LOS). On the y-axis is the ratio of the LH distance, dLH; over d; see Fig. 6.2.
The numbers on the plot are obtained from (6.1), expressed in decibels. Part of the
2This assumption is required for making tlie following analysis possible. The assumption of an evenly 
distributed noise implies a densely populated network with uniformly distributed MS, which fits well 
to the analysed system. A more realistic approach, where the receiver sensitivity is actually calculated 
according the UE placement and transmit powers, is conceived in the system-level simulation of next 
chapter.
3Note that the effect of shadowing is ignored herein for simplification. It will be discussed in 
Section 6.4.2. Ignoring the shadowing corresponds to the mean path loss case.
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Figure 6.5: The reduction of transmit powers by other-cell (Frame b l) and same-cell 
(Frame c) relaying. The two frames refer to Fig. 6.1.
contour plot is grey at the side street extension, as this area is covered by a neighbouring 
cell. The reduction in total transmitted power is marginal, less than ldB, similar to the 
conclusion reached by [FTY+03]. Furthermore, the reduction of powers, for terminals 
situated close to the far edge of the cell, does not decrease the interference [YY04], and 
therefore should be avoided.
On the other hand, other-cell traffic diversion can be shown to be decreasing the total 
transmitted powers. This is due to the urban deployment peculiarity, where the mean 
path loss for a certain distance has inherent shadowing and opportunities for a greater 
path loss reduction arise. Such is the case when the MO is situated around the corner, 
so that relaving to the RS of the corner, breaks the path into two short LOS hops. A 
quantitive range of the path loss reduction is provided in Fig. 6.5 Frame b, where a 
schematic of the street layout is plotted, on the main axes. The secondary x-axis is 
positioned at the top side of the figure and shows the transmit power increase. Note 
that the MOO position is in the middle of the side-street, i.e. no displacement of the 
MOO about the x-axis exists. The plot on the side-street shows that when the MOO 
is situated near the main street (y ~  0.05), as much as 13.3dB of power saving can be 
achieved while, on the other extreme position (y ~  0.25), the total link powers increase.
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The dashed line defines two regimes, according to the MOO position: the total link 
powers increase and reduction. The transmit power equations will be developed at the 
power reduction regime.
Thus, with the selected models, reduction of powers is expected only with other-cell 
relaying. A different path loss model selection may change radically the urban cell- 
shape and the correct placement of the terminals for reduction of total powers, even 
promoting same-cell relaying.
6 .3 .3  N o n -R e la y in g  S y stem  T ra n sm it P ow ers
Equation (6.2) applies in each UL data link i of the system4  [HT02]
Pi9iW r,\
airi — /I I U  i(1 + T))Ii -  Pigi + Ni 
where the superscripts are omitted for equation generality.
For the non-relaying system, if M  is the number of users in each cell, the following 
equation applies
M
h  =  (6-3)
i
where Ii is the total power received at the BS. Similar to the analysis presented
in [HRF03], but including the inter-to-intra interference ratio rj, the equations (6.2­
6.3), can be expressed in a matrix form. Defining m =  — Nbs/(1  +  V) and
=
= / ^ r ,BS
(  1  i
Vi, j  =  1, ..,M , the following is obtained
=  n, (6.5)
where nT =  (nx,.., rii, .., u m ). The (6.5) can be solved to a unique solution of trans­
mitted powers p, provided knowledge about the path gain, target SINR, and service of 
every link i.
4The orthogonality factor effect is assumed to be included in the g coefficient so that the presented
formula applies for DL and UL.
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6.3.4 Relaying System Transmit Powers — FS1
Similar to the analysis of the non-relaying system, the achieved SINR can be expressed 
with (6.2), for every data link of the FS1 multi-hop system. It is assumed that the 
number of users in the frequency band is M  and that R  users are using the relaying 
function, so that there are R  relays in the cell and M  — R  users are in SH link with 
the BS. The general equation with both same-cell and other-cell interference will be 
presented first, continuing with the explanation of the terms which are eliminated, due 
to the finding of Section 6.3.2. Thus, it is assumed that from the R  users, Rs and R0 
are opting for same- and other-cell relaying respectively.
Analysing the f it  frequency carrier (see Table 6 .2 ), the total received power at the BS, 
JBS, is given by
SH
M - R
/ B s =  £  p f s g f s 'BS +
5= 1
^MOO^MOO.BS +  I^RSOT^SOfl.BS +  (fi>fl)
j = 1  j = 1
“ v ' -v-... ..........
other-cell P2P other-cell LH
Rs Rs
E MOS MOS,BS , ^RSSt  RSSfX,BS Pj H +  Z^Pj 9j ■
j = l  j = l
same-cell P2P same-cell LH
The last two terms of (6 .6 ) are eliminated when Rs =  0. Similarly, keeping Rs — 0, 
the total received power at the RSOf2i, namely I?S0(2> is given Vi =  1,.., R by
SH
, A V
M - R
MS MS,RSOf2t SOf2  _  V - '  t. S» S
i ~  P j  9j,i
j = 1
R R
E MOO MOO,RSO£2 . V ' '  RSOf RSO£2,RSOf2Pi Hi + l^P i Hi  • (6-7)
j = 1 j = 1
other-cell P2P other-cell LH
For the non-relaying system, one set of linear equations determines the unknown trans­
mit powers. In the FS1 relaying system, due to the three different transmit power
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vectors to be determined, P m s > P r s o > and p m o O i the analysis yields three sets o f  linear 
equations. The following are defined Vi =  1, M  — R and Vy =  1, M  — 72
if i =  j
and
if i ^  j
(6 .8 )
(  „MS„MS,BS
_  J li yi
’  'I MS,BS 
I 9j
B i , j
\ J
_ MOO.BS 
— yi
Cij
RSOfl.BS
yi
BS,SH
n i — - N b s / 0 -  + v )
Vi -  1, .., M  ~ R  and Vy =  1, ..,72. Furtherinor
and Vy II 5—1
 
1 So
D„hi =  g:
MS,RSO and
E- ■ —J
(  M O O  MOO,RSOf2
' "j yi '
Fi,j
nitso
. 3,1
) MOO,RSOf2
I 9it
_ RSOf2,RSOf2
9j,i
i f  i - j
if M i (6.9)
=  ~ 7 V r s /(1  +  Tj)
Vi, J =  1,.., R„ And finally, Vi =  1,.., M  — R  and Vy =  1,.., R, the following are defined
G-hi
_  MS,BS and
t j  _  MOO,BS
~ 9j,i
Ji,j — •
,R S O t RSOf2,BS
h 9j,i
9
RSOf2,BS
i,i
if i =  j
if i f  j
(6 .10)
n f s 'LH =  - iV BS/ ( l  +  V7) 
Vi, j  =  1,.., R, where
,MS
„M O O•n
=  1 -
l+Tv/(rMSaMS)
1 +J?
1+w/ (rj,M O O  - M O O
1+7?
)
9i
RSOt , W ( r f S° V SOt)
•' ~  1 1+7?
(6 .11)
It is also assumed that + 1 ® 0  =  + S<+  Vi — 1 ,.., 72, since the two hops of each link i 
are using the same service r f100 =  r f SOt, with the same SINR target, a -4 0 0  =  a fSOt. 
Defining
„ T  _  /  BS,SH BS,SH BS,SH\
BS,SH — ( j 1!  > "> nM—R J
nRSO RSO RSO nRSO (6.12)
nBS,LH
/  BS,LH BS,LH BS,LH\
( n l  n i t - i K r  J
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the three sets of linear equations are obtained
-A-Pms +  B p MOO +  C p RSO!  =  nes.SH (6.13)
D pms +  EPmoo +  FpRsot =  nRso (6-14)
^PMS +  ^ P mOO +  ^PRSOf — nBS,LH (6.15)
Solving the system of equations for the transmit powers, pm s> PRSOf> an(  ^ PMOOi the 
only invertible matrices are: A , E, F, and J. Solving (6.13) for Pms, the following is 
obtained
Pms -  - a _ 1 b Pmoo -  A -- 1  (c PRSOt ~ nBS,SH) (6.16)
as a function of Pmoo and PRSOf- Substituting (6.16) into (6.15) and solving it for
P R S O f i the following is obtained
PRSOf =  T  (G A _1B -  H) p moo +  T  (nss.LH -  G A ~ 1 nBsisH) (6-17)
where T  =  ( j  — G A _ 1 C ) - 1  is an auxiliary path loss matrix. The expression (6.17) is a 
function of the variable vector pMOO- Inserting equations (6.16) and (6.17) into (6.14), 
and solving it for the variable vector pMOO) the following is obtained
PMOO =  [E -  D A - XB +  $  (G A -1 B -  H ) ] _ 1
[»m oo -  D A _ 1 nBs,SH +  3* (G A - 1 nBs.SH -  hbs.lh)] (6.18)
where $  =  (F — D A _ 1 C) T  is an auxiliary matrix. Inserting (6.18) into (6.17), PRSOf
is obtained. In succession, substituting Pmoo and PRsot int° (6.16) pms is obtained. 
Equations (6.16-6.18) provide a complete transmit power expression of the system, 
given the knowledge of the path gains and service targets.
6.3.5 Relaying System Transmit Powers -  FS2
Similar to this analysis, the achieved SINR can be expressed with (6.2), for every 
data link of the FS2 multi-hop system. It is assumed that, only other-cell relaying 
interference is existent in the system, thus, RSO and MOO are referred to as more 
simply: RS and MO. Analysing the f it  frequency carrier (see Table 6.2), the total
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received power at the BS, I BS, is given by
SH
M - R
i bs =  e  pfs» r ,BS+
j=i
R R
E RSJ. RSf2,BS , R-St RSfi,BS (r ,pj 9j  g3 ‘ (6‘19)
J=1 .3=1
' .. '    V------ '
P2P LH
Similarly, the total received power at each MO* receiver, namely /  ^ ° ,  is given Vi =  
1 , . . ,R  by
SH
M - R
rMO _  \  A ..MS-MS,MO
h  -  2 - u  P j  g j . i  +
3 = 1
R R
E RSI RSf2pMO , RST RSfi,MOPj 9j,i  21  + 2 ^ P j  9j,i u  • ( 6 . 2 0 )
j = i  j = i'---------- v   - v—...----v-----------'
P2P LH
Defining Vi =  1 , M  — R and Vy =  1 , M  — R
( MS MS.BS .c . .
AtJ = 3  l f * =  J and'  y gMS.BS
B y  =  a f ,1,ES (6 -2 1 )
^>3  ~  9j
„ b s ,sh  =  -J V Ba/ ( l  +  ty)
Vi =  1 , M  — R  and Vj =  Furthermore, defining Vi =  1,..,R  and Vj =
1, . . ,M  — R
n  MS.MO j
D i,j =  9j,t and
i^,3
p. .
J  W M0
\ g™*-MO if i j L j  (6 .2 2 )9j
RSfi,MO
* id yj,i
n f s  =  - N M s / { 1  +  v)
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Vi,j  =  1 , R. And finally, Vi =  1, M  — R  and Vj =  1 , R, defining
Gtj
Hij
MS.BS
—  9 3
RSf2lBS
9j
and
Ji,j  —  
n fs-L H  ATBS/(1  +  *7)
R S f RSfj ,BS Qj 9j
RSfi.BS
gj
if i = j  
if i ± j
Vi,j =  1 , i?, where
MS
Qi
RSi
RSt
=  1  -  
=  1  -
=  1  -
l+ w /(r^ sa fs)
I + 7 7
1 +Iv /(rasiaRSi)
1+7;
l+ iv /(r fs1 ap )
l+»7
, Vi -  1 ,.. ,M  - R  
, Vi =
, Vi =
Defining
T  ( BS.SH BS,SH BS.SH^
n BS,SH — ^n l > " i n j > ■■! nM-R J
n T  _  (nMS „M S  „M S \
MS — \n l  > " > n i  > - > n R  )
nBS.LH
_  /  BS,LH BS,LH BS,— (%  i ••! ni > nR LH'i
three sets of linear equations are obtained
-A-PmS +  B PRS| +  ^P R S t =  n BS,SH 
DpMS +  EpRS| +  FpRS| — nMS
G pM S +  H p RS4. +  J p RSt — n BS,LH
(6.23)
(6.24)
(6.25)
(6.26)
(6.27)
(6.28)
Solving the system of equations for the transmit powers, Pms> PRS4-! and Prs-|-i the only 
invertible matrices are: A , E, F, and J. The following solution is obtained:
PRS4 =
PRSt
[E — D A _1B +  4? (G A -1 B — H )] 1  
[»ms — D A _ 1 nBs,SH+
$  (G A _ 1 nBs,SH ~ nBs,LH) ] 
T ( G A - 1 B - H )  p RSl +
"F ( n Bs,LH -  G A “ 1n Bs,sH )
Pms =  “ -A-_ 1 b Prs4. — A _ 1  (c PRSf -  nBs,sH)
4> — (F — D A _ 1 C) T
T  =  (J — G A - 1 C)"
(6.29)
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where $  and T  are auxiliary matrices. However, the transmit power solution given
in (6.29) does not describe the transmit powers of the MO. These will be inferred by
analysing the fj-f; see Table 6.2.
The total received power at each MSj receiver, namely / ^ s , is given by
SH
/
M - R
t-MS Y ' '  BS.SH BS,MS ,
* =  Z j  Pj H i  +
3 =  1
R R
E „M O  MO,MS , \  ^ BS,LH BS,MS [(.Pj 9j.i + l^ P j  9j,i ■ (6-3°)
3=1 _ 3=1_______ __________
"  P2P LH
Similarly, the total received power at each RSf2 i receiver, namely , is given Vi =
1) R by
SH
M - R
rRSf2 mBS,SH BS,RSf2 .
h  =  E  Pj yj,i +
3=1
E  p,M° c ,RSf2+ E  p f ’ LBs f! 'RSf2 • (6-31)
3=1 3=1
V ^   ........  y S  1 V  '
P2P LH
Likewise, the total received power at each RSfij receiver, namely /]RSfl, is given Vi =  
l , . . ,R b y
SH
M - R
RS SH RS R Sf. +rRSfi _  Y ^  B ,  B . f,E  Pj 9j j
3=1
R R
E p f  ° C ,RSfl +  • (6 .3 2 )
3=1 3=1
P2P LH
Defining Vi =  1,.., M  — R  and Vj =  1,.., M  — R
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Table 6.3: Substitutions for: PBS,SH, P m o , and P b s ,l h -
substitute with
A, B, C, D , E, F, G, H, J K , L, O, P , Q, S, U, V , X
PM Si P R S t) P R S f, n MS P b s ,s h > P m o , P l h , n R s o
Vi — 1 , . . ,M  — R  and Vj =  1 , R. Furthermore, defining Vi — 1, R and V7  =  
1 , . . , M - R
n BS,RSf2 1Pitj -  gjti 2 and
J  H i =  3
1 $ ° ® *  if 0 = 3  (6.34)
n _  BS,RSf2 
bi,i -  9j,i
nfS  =  - N r s / (1 +  77)
Vi,_ 7 =  1 , R. And finally, Vi =  1, M  — R  and Vj =  1,.., R, defining
(6.35)
UiJ
BS,RSfi
=  9j 1 and
Vi4
_  MO.RSfi
9j
1
f BS.LH BS.RSfi 
 9j ’ if i =  j
1I BS.RSfiI 9j  ' if i ^  3
Vi, j  =  1 , R, where
   , , // BS,SH„BS,SH\
5 BS,SH  1 «  =
Defining n^g =  (n^s , ..,n?-s, ..,n^s) three sets of linear equations are obtained, from 
which the three different transmit power vectors can be determined: P b s .SH, P m o > 
and Pbs.lh- The analysis for obtaining the transmit power solution is similar to the 
already presented, thus it is omitted. The solution is given by (6.29), by performing 
the substitutions as summarised in Table 6.3.
Employing (6.29) and the suggested substitutions, complete knowledge about the sys­
tem powers is acquired, given the UE locations (path gains) and quality targets.
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6.4 Comparison between the Frequency Allocation Schemes
6.4.1 Analysis
In the preceded system analysis, uniform user distribution and fixed positions are as­
sumed. However, the location of the RS is not defined, but can be at any position 
in the centre of the main-road, side-street, or at the corner. The RS position on the 
overview map alters the RS gain-related matrices which provide with the transmit 
power solution of the system. Thus, the performance investigation between the two ex­
amined frequency allocation schemes, starts with a study on the optimum RS position. 
The selected criterion for the analysis was to minimise the interference at the BS, as 
in [YY04], so as to be compatible with the simulation RS selection algorithm presented 
in the following chapter, performed to maximise the predicted overall SINR [KT07].
Thus, for each frequency allocation scheme, the transmit power solution was first ob­
tained for a number of RS positions, selecting as optimum the one which minimises the 
interference. Furthermore, as regards to the benefit of the directivity gain at the RS 
transceiver antenna, different RS antenna gain values were tried.
For simplicity, the same gain values were tried between the antenna employed for 
links to the BS (RSantLn) and MO (RSantp2 p), namely Gnp,st in the range Gnps £
(0, ll)dB i, between the RS patterns being omnidirectional (for G h rs =  OdBi) and 
having equal gain as the BS (lldB i). In order to achieve the required gain values, 
the radio pattern (acquired from [Mol04]) was scaled down by multiplication with a 
suitable coefficient.
For each tried gain value, the exploration of the optimum RS position was re-performed, 
in search of the minimum interference in the system. Fig. 6 . 6  plots, in the upper subplot, 
the range of the system transmit powers, at 68.75% loading-factor [HAP07], over a 
range of RS directivity-gain values. The lower subplot shows the respective optimal 
RS position inside the side-street (lateral distance). The transmit power solution and 
RS position for the case when both RS antennas are omnidirectional (Gnpg =  OdBi) 
is also plotted with markers, in both subplots. The power range is provided with 
the minimum (min), maximum (max), and median (nied) values. Only the UE (MS
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and MO) UL powers are considered, for two reasons: fair comparison between NR 
and relaying systems, and because the fixed RS can be thought as active repeaters 
connected to the power grid. The transmit powers in the system are plotted for the 
three following cases: NR, relaying with FS1 and FS2.
When no directivity-gain is considered, FS1 provides a power solution which features 
a narrower range of values between the minimum and maximum, compared to FS2. 
This is a desirable feature, because it raises the probability of all transmit powers lying 
within the constraints. The RS positioning is also different between the schemes: in 
FS1, the RS is best-positioned at the street corner, whereas, in FS2 , deep inside the 
side-street. This is most probably because in FS2, the additional relay interference 
caused by P2Pf24- link, at the BS receiver, is originating from the RS which is situated 
closer to the BS, whereas in FS1, the relay interference originator is the MO, which 
has a bad channel with the BS. The introduction of directivity-gain alters the power 
solution and RS optimum-positioning. The directivity isolates the BS receiver from 
the relay-related interference, so that both schemes perform, in terms of average and 
maximum power, in a similar fashion. The RS positioning is also relatively the same 
between the two schemes, and inside the side-street. This is the optimum position for 
several reasons: the MO-RS link is in a good channel which is also reinforced by the 
directivity gain, the RS-BS link is in a good channel owing to the BS antenna gain and 
height, the relay-interference is isolated within the side-street and at a very low level. 
Furthermore, the minimum power is different between the two schemes for the same 
Grins value.
Fig. 6.7 plots the range of the same transmit powers over a range of system loading 
factors, for three different cases: NR, relaying with FS1 and FS2. This figure corre­
sponds to Gnpts =  lldBi, and RS optimally positioned. Both frequency schemes are 
implemented with lower transmit powers than those involved in the NR case, among 
all system-loading levels. Higher power reduction is achieved at low transmit-powers, 
which is more evident in high load-factors and is suggestive of potency in increasing the 
data-rate of the respective links. This potential increase in spectral efficiency is also 
slenderly apparent, since the relaying power solution curves extend further in higher 
loading-factors than the NR counterpart: 6 % increase in the maximum achievable
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Figure 6 .6 : Range of system powers in FS1 and FS2 over RS gain values. Min: mini­
mum; max: maximum; ined: median.
load-factor was calculated for 8  users of equal data-rate. FSl and FS2 coincide in the 
median curve. Non-concurrency in UL is shown to aggravate the system performance, 
compared to FSl.
6.4.2 Simulation
The assumptions presented in the analysis, map to a system which lacks realism. This 
is because, several propagation and realistic features (shadowing, transmit power lim­
itations. user-mobility, multi-cell deployment, etc.) were simplified or ignored. In an 
endeavour to improve in realism, the above realistic assumptions dictated directing in­
terest in developing a system-level simulation to include their effect on evaluating the 
system performance. The simulation was coded in the MATLAB computer language. 
This subsection, firstly, discusses the effect of introducing transmit power restrictions, 
and. in succession, presents the system improvement by employing the relaying tech­
nology, over the NR case.
The transmit power limitations |ETS04] are imposed to contain the powers within 
practical boundaries: the maximum limit is enforced due to health considerations, and 
the lower limit is imposed so as to prevent communication sources in good channels
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Loading factor [%]
Figure 6.7: Range of the system powers in FS1, FS2, and NR cases. The system is 
loaded with a variable number of users and the transmit powers are observed. Min: 
minimum; max: maximum; med: median.
from transmitting in very low power (technology limitation). The power limitations, if 
included in the analysis, renders the power solution endeavour to a bounded minimi­
sation problem. The explicit expression of the minimisation problem is: define the set 
of minimum system transmit-powers, each of which lies within the power boundaries 
and satisfies the link-quality criteria. However, the solution to the stated problem may 
not always be realisable, when some of the equations (6.29) are not satisfied. This 
occurs for higher system loading values, where the MS closer to the cell-edge are re­
quired to transmit at higher level than the permitted in order to preserve the rate of 
service. Table 6.4 summarises some of the assumptions considered in the analysis and 
simulation.
The dynamic, multicellular, system-level simulation that was developed for mobile or 
fixed relays, enabled the exercise of all frequency allocation schemes for their evaluation. 
The simulation model and a list of its key parameters are provided in [KT07]. The 
main output of the simulation is the outage probability, i.e. the probability that the 
recorded-SINR is below a threshold-SINR level, which is plotted in Fig. 6 . 8  over a 
range of system loading-factors, for the following three cases depending on the number 
of relay-enhanced frequency-bands: no band with multihop capabilities (NR), relaying
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Table 6.4: Analysis and simulation considerations. Estim.: estimation
Analysis Simulation
Power restrictions Minimisation problem /
Shadowing
Inherent only, 
otherwise random process
/
Directivity gain / Not considered
RS positioning By trial Max SINR estim.
User distribution
Uniform
(fixed)
Uniform
(random)
User mobility None Pedestrian
only in fl band (Relay 1 freq), and relaying in both fl and f2 bands (Relay 2 freq). For 
5% outage probability the capacity of the system increases by approx. 50%.
The additional realism alters profoundly the transmit power solution between analysis 
and simulation. This is mainly because in reality the powers are constrained within 
limits. The compulsory power increase or decrease of UE, in order to comply with 
power restrictions, can be conveyed to the whole cell. Additionally, the statistical 
shadowing creates opportunities of great power reduction, by choosing good-quality 
relay-links over the deeply-shadowed direct path.
6.4.3 Comparison between the Analytical and Simulation Solutions
Having derived the analytical framework for evaluating the system transmit power, it 
would be useful to validate it by comparison with the solution achieved by a literature 
Power Control (PC) algorithm, such as the FMA. This can be performed for the relaying 
and the NR networks and is shown for the FS1 system. The same deployment scenario 
and system parameters, with which the transmit power solution was obtained by using 
the linear set of equations (6.5), is assumed. The derived user powers are compared 
to those suggested by the system-level simulation FMA PC [KT07]. Fig. 6.9 plots the 
data channel transmit power over the iteration steps from the simulation for different
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Figure 6 .8 : System improvement in terms of outage probability.
terminal distances from the transmitter, normalised by the cell range (dotted lines). 
The solid lines show the transmit power values, which are calculated by using the linear 
set of equations (6.5). Herein, it must be noted that the solution of the equations lies 
in the positive domain, under specific constraints [Gol05].
Fig. 6.10 plots the similar results for the relaying case. The P2P and LH link powers are 
now plotted. The transmit power values (solid lines) are calculated by using the linear 
set of equations (6.16-6.18). Similarly to the non-relaying case, in order to warrant an 
acceptable positive power solution, system constraints are required.
6.5 Conclusions
Simulation and analytical approaches were employed to validate the potential benefits of 
using relays in the UMTS system. It is observed that relays (positioned at optimal fixed 
locations) can reduce the transmit power required to serve the same users in the system. 
Moreover, the system with relays exhibited a higher maximum load factor as compared 
to the system with no relaying option. An analytical model with basic assumptions is 
used for calculating the total transmit power for the system using closed form equations. 
The transmit powers of a SH-only and a multihop UMTS, in a Manhattan grid, were
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Figure 6.9: Comparison between the theoretical equations which provide the transmit 
powers of a non-relaying UMTS and the FMA PC values. The numbers in the legend 
correspond to different terminal distances from the transmitter, normalised by the cell 
range (normalised x-coordinate); see Fig. 6.2.
186 Chapter 6. Formulation o f the Powers and Data Rates o f the Multihop UMTS
Iteration Number
A LH  V  P2P ..... * .......0.09
O 0.28 ..... 0  0.46 t> 0.64
Figure 6.10: Comparison between the theoretical equations which provide the transmit 
power of a relaying UMTS and the FMA PC converging values. The numbers in the 
legend correspond to different terminal distances from the transmitter, normalised by 
the cell range (normalised x-coordinate); see Fig. 6.2.
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formulated into a set of linear equations, which can be readily solved for obtaining 
the powers that satisfy the link quality criteria. This solution, which was derived in 
a centralised fashion, was compared to an existing iterative distributed PC to validate 
the convergence of the distributed algorithm, for both NR and relaying systems.
The analysis was carried out with a path loss model choice which altered the urban-cell 
shape into a straight line along the main street. More importantly, it rendered the same­
cell relaying abortive, which simplified the equations. A more detailed model is used 
in a system level simulation, with abundant mobile relays, to verify the performance 
improvement.
It is reminded that this analysis was carried out assuming fixed RS that are connected to 
the main power grid and thus their transmit power emissions did not merit discussion. 
However, this would be the case for mobile RS as well. In a fair comparison between 
the NR and multihop networks the powers of the RS should not be considered. It 
remains though to be noted that the fixed RS case provides with a more optimistic 
solution, since the mobile relay nodes will endure higher mean path loss values, due to 
their closer proximity to the ground level, and issues arising from their mobility.
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Chapter /
Dynamic System Level Simulation for 
Multihop UMTS
7.1 Introduction
Although the literature offers a variety of relay-enhanced mobile networks, none of the 
suggested systems are fully analysed, and important problems, different for each pro­
posed network, are open: routing and multihop connectivity initiation, Relay Station 
(RS) positioning, resource allocation, etc. Furthermore, the problems that arise in 
each system are different, so that there is no universal answer, but a different approach 
is applicable at each network. This chapter focuses on the Wideband Code Division 
Multiple Access (W-CDMA)/Frequency Division Duplex (FDD) UpLink (UL), but the 
DownLink (DL) is also studied,
A system-level simulation, which was employed for studying the effect of relaying on 
the Universal Mobile Telecommunications System (UMTS), is analysed. The simulation 
was coded in the MATLAB computer language. The network architecture is based on 
deploying fixed RS, with optimum location. The optimum position for the fixed relays 
is found by exhaustive search among many different positions, which converges to the 
same result, as with employing superabundant mobile relays (idle User Equipment 
(UE)). The exhaustive search, although not realistic, provides with an upper limit 0 1 1
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the performance gains and an estimation of the optimum position in a real world urban 
environment. The importance in employing fixed relays is also due to overcoming the 
obstacle of RS battery life.
General conclusions are drawn at the end of the chapter. The single- and two-hop 
connectivity are compared, and the system performance is evaluated and discussed. It 
remains to be noted that, there can be no direct comparison of the presented results to 
any literature work, since the suggested network architecture and routing have profound 
differences with them. This comparability obstacle exists in the literature work, which 
is based on system-level simulation results.
7.2 System Level Simulation Description
A dynamic system level simulation was developed to analyse the W -CDMA/FDD UL. 
Two mobile networks are simulated: a) Non-Relaying (NR), and b) relaying. These 
systems, besides the multihop functionality, bear the same characteristics (handover, 
etc.), when possible, as well as the exact same service demand (same UE locations and 
movements, and required services).
Four 5MHz frequency-carriers are modelled independently: two for the system UL, 
and two for DL. The frequency re-use factor was considered equal to unity. The RS 
employed in the simulation used one frequency to transmit and another carrier to re­
ceive, in respect of the Mobiles in Outage (MO). Although the RS are considered active 
repeaters (known as decode and forward), the data-stream reception, decode, amplifi­
cation, re-encoding, and transmission is conceived without time-lag. More specifically, 
the transmission and reception is performed at the same time, which is not realistic, 
but the time-delay is not studied in this thesis.
The typical urban outdoor pedestrian environment was modelled, as suggested in [ETS04] 
A large number of iterations is simulated, in each of which the following routine is run:
1. The position of the Mobile Station (MS) are updated according to the mobility 
model.
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2. The total path loss between all link and interfering communication pairs are 
calculated and stored into matrices.
3. The handover algorithm is run to decide the serving Base Station (BS) for each 
UE (RS and MS). The handover algorithm dictates knowledge about the DL 
pilot and data channels. Relayed MO which proceed in handover, withdraw from 
multihop communication.
4. The relay handover algorithm decides which RS will be opted to multihop com­
munication. A variety of criteria can be applied in this step.
5. The Carrier to Interference-plus-Noise Ratio (CINR) in each system link is calcu­
lated according to the selected frequency scheme and total path loss information 
from the respective matrices of item 2 .
6 . The Power Control (PC) algorithm (for all system transmitters, i.e. BS, UE and 
RS) is triggered to suppress the near-far effect [HT02]. Power restrictions are 
applied.
7. The achieved CINR for each system link is recorded and compared to the required 
level, which is defined by the service-rate.
8 . Statistics about the number of satisfied users, and location of users deprived of 
sufficient link quality are recorded. The MS, which will be opted for multihop 
connectivity in the following simulation iteration are decided in this step, under 
various criteria; see Section 7.4.2. In the same step, the current multihop links are 
evaluated for withdrawal to Single Hop (SH) connectivity, by employing diverse 
metrics, in accordance with the selected multihop initiation criteria.
The number of hops in each communication was constrained to two for various reasons: 
routing and resource allocation simplicity, end-to-end delay, etc. [WG04, CH04], All 
users are assumed to be characterised by an activity factor of unity, so that all data 
channels (UL and DL alike) are active throughout the simulation. Furthermore, all 
data links are initiated and maintained during the simulation; dropped calls are not
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modelled, even when the achieved link quality is not satisfactory. Likewise, new call 
admission is not considered.
Each RS assumes a unique position in the simulated environment, and is capable of 
relaying one link. Whenever two MS opt for multihop connectivity via the same RS, 
most probably due to its favourable position, a routing conflict is encountered. The 
problem is resolved by employment of a routine which nominates the best RS to the 
most seriously degraded MS, by compelling the MS which has the best runner-up RS 
to yield. This novel conflict resolving algorithm was found to perform well for the 
purpose of the simulation, and better than allocating the conflict-affected RS in a 
random fashion. However, the algorithm is not suggested as being optimum in system 
performance, as such a research was not executed.
Both same- and other-cell relaying was thought of and programmed (other-cell was 
preferred in the simulations on average by approx. 6 6 % of the relay links).
7.2.1 Uplink and Downlink Consideration
In the simulation, all link powers were calculated, both UL and DL, although statistics 
were collected only from UL. The UL was chosen as being of more interest, due to the 
less favourable link quality, compared to the DL, which can be also verified consider­
ing the W-CDMA link-budget analysis [Wor06]. However, the DL was also modelled, 
because, firstly, the handover algorithm is based on the DL pilot channel metrics, and 
secondly, for relaying systems with non-concurrent UL, not all UL connections are 
allocated in the system UL carriers.
7.2.2 Path Loss Models
The communications occurring in the simulation can be categorised into links: where 
both terminals are at low-height, or where one terminal is at a high level; the BS.
For the former links, any model which is suggested in the thesis is applicable, pro­
vided it agrees with the Line-Of-Sight (LOS) property. KEMs (LOS) and KEMg (Non
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Line-Of-Sight (NLOS)) were used1, owing to their small prediction error. However, a 
prerequisite for their employment is that the height variables are required to be in the 
path-loss function domain. To meet with this requirement, the RS, although mobile, are 
assumed at the same height as the UE (1.5m). This, which in a realistic environment 
could be easily accomplished by placing the RS on the roof of moving vehicles (e.g. 
taxis), is also a desirable feature, because it renders the Peer-To-Peer (P2P) path-loss 
functions, for both UL and DL, equivalent (UL and DL become reciprocal).
For the latter links, the Wireless world INitiative NEw Radio (WINNER) II [IST07] 
was selected for LOS communication. For NLOS, the average model (in the logarithmic 
scale) between European Telecommunications Standards Institute (ETSI)-Berg and 
ETSI-WI (below rooftops) was chosen. The reasons supporting the above selection are:
1 . WINNER II was empirically derived, which renders it suitable for use jointly with 
the P2P models, which are suggested in the thesis.
2. WINNER II supplies a Manhattan-grid specific formulation.
3. WINNER II lacks a different formulation according to the number of corners 
involved in NLOS communication, whereas the ETSI-Berg prediction is quite 
comparable to the one from WINNER II, for one-corner NLOS (see Fig. 2.3), but 
provides a separate expression for two-corner NLOS communication.
4. WINNER II LOS branch starts to separate from the free space loss at a short 
distance. This is a desired feature to avoid inexplicably high interference at the 
BS receivers, which are situated in the same road.
5. WINNER II LOS starts to approach the NLOS branch (and ETSI-Berg one-corner 
NLOS) for high distances. This is a realistic approach, because at long distances 
from the transmitter, even though being on the same street, the LOS property is 
lost, when considering the Fresnel zone being overwhelmingly obstructed by the 
ground, side buildings and street features.
6 . ETSI-Berg, which is suggested for use in the Manhattan grid, predicts a very 
sudden change of path loss at each corner, and a great range of path loss values
1 Konstantinou Empirical Model (KEM)
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for the same distance from the transmitting source. This maps to an artificially 
great shadowing value (over 20dB), and often to predicted path loss values which 
are more optimistic than LOS communication.
7. ETSI-WI (below rooftop) is proposed for employment in the Manhattan grid in 
cooperation with ETSI-Berg. The averaging between the two path-loss functions 
produces a prediction, which is always more pessimistic than the LOS branch, 
and maps to ...
8 . .. .an inherent shadowing of less than 7dB, which becomes \/72  +  8 2  =  11.8dB 
when an additional ± 8 dB signal variation is superimposed.
The significance of the above points is further analysed. One of the fundamental dif­
ferences between the simulation and a practical urban network deployment is the LOS 
property. The particular grid of the Manhattan street layout ascertains LOS path 
along the same street with the transmitter for infinite distance, whereas in a real urban 
environment the LOS property is lost within a finite distance. This basic difference is 
mapped to considerably more optimistic path loss estimations along the LOS streets 
and inexplicably high shadowing values, due to the LOS property preservation in the 
Manhattan deployment. The above two mentioned problems interfere with the multi­
hop functionality, which is employed to combat the shadowing by forming opportunistic 
P2P links, by taking advantage of higher quality LOS paths.
Drawing a circle of radius d around the transmitter, the LOS probability p l o s  at that 
distance d can be defined as the ratio of the bow angle range, which corresponds to 
the region within LOS with the transmitter, over the complete circle (27t). Fig. 7.1 
plots the LOS probability p l o s  in a Manhattan grid when the receiver is situated at 
the centre of the map; see Fig. 7.2(a). Various P l o s  plots are presented against the 
distance from the transmitter d. Multiple curves resulting from the Manhattan-grid 
street-layout (dotted lines) are plotted, each corresponding to a different street width 
w. The actual curve (Measured), derived from the Geographic Information System 
(GIS) database for the London city centre is plotted with solid line. The figure reveals 
the inappropriateness of the Manhattan LOS probability Plos to approach the GIS- 
derived P l o s - The aforementioned significant difference between p^og and P l o s  *s that,
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Figure 7.1: The LOS probability p\J from the Manhattan grid and practice.
the p\ QS approaches zero at a almost a third of the distance (d > 166m for pi,os — 1 %) 
than the PlOS (d >  477m for pLos =  1% w — 15m [ETS04]). On the other hand 
the LOS is a more prominent property in the real urban deployment (P l o s  >  P l o s  f ° r 
d < 140m).
For a more realistic approach in the simulation, the following technique was employed. 
Three different regimes were discerned: LOS, Obstructed Linc-Of-Sight (OLOS), and 
NLOS. Similar three-part approach was considered in [StaOl]. LOS region is defined 
as the same street as the transmitter, provided that the separation distance is closer 
than the break-even distance, for which the “Measured" and w =  15m curves coincide; 
see Fig. 7.1. The OLOS takes over for the same street with the transmitter, but for 
further distances. The section of the “Measured” curve for distances further than the 
break-even distance was approached by an exponentially evanescent curve, given by:
{1  if d <  117m (7.1)286.2 exp(—0.02816d) -  286.3 exp(-0.02901d) if d > 117m
where exp(.) is the exponential function. The NLOS region is defined as all streets other 
than the street on which the transmitter lies. The path loss model used for the LOS 
and NLOS regimes were the ones already explained, whereas a transitional (between 
LOS to NLOS) path loss model was employed for the OLOS regime, given by (4.12),
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(a) The axes are expressed in meters. The BS locations are plot- (b) Schematic of the urban cells, 
ted with circles and are numbered in the outward direction. The 
building blocks are with green squares and the roads sure shaded 
with light green colour. The division of the simulation area into 
9 regions is plotted by a blue solid line.
(c) Path gain in the Manhattan grid. One BS (d) Path gain in the Manhattan grid. Multiple BS.
Figure 7.2: Overview maps of the simulation area.
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where L, Ll o s > L n los  are the OLOS, LOS, NLOS path loss estimations, respectively, 
and plos is given by (7.1); see Fig. 7.3(a) (SH/Last Hop (LH)) and Fig. 7.3(b) (P2P). 
Note that, in the WINNER II OLOS branch coincides with the prediction in the regimf 
further than the breakpoint distance.
-60 V • LOS
\ X NLOS
80
Distance [mj
(a) SH/LH path gain. The discontinuity in the 
LOS curve is due to the breakpoint distance of the 
employed path loss. The NLOS curves' pattern is 
created by the repetitive rectangular Manhattan 
grid.
Distance [m]
(b) P2P path gain.
Figure 7.3: The path loss models used in the simulation.
7.2.3 Antenna Gains
The antennas of all transceivers are considered omni-directional. This is not a realistic 
assumption for the BS antenna, as in a real urban deployment, the full antenna gain 
is not always directed at the UE, due to the vertical radiation pattern and downtilt. 
Typically, the ground-level field strength reaches a peak and diminishes at both sides, 
which is likely to significantly change the pattern of interference, although it will not 
necessarily reduce the peak level. The omni assumption for the RS antenna can also 
be researched, as was done in the previous chapter. However, in-line with the simula­
tion guidelines of the ETSI [ETS04] and for simplicity purposes, the trivial choice of 
radiation pattern was selected for all antennas.
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7.2.4 Deployment Scenario
The selected deployment scenario description is provided in [ETS04], where the specific 
BS deployment is suggested. In order to avoid the boundary effect on the simulation 
output-data, two techniques were employed: statistical consideration of the inner-most 
BS, and mobility model adjustment.
The first method, which is frequently used in simulations dictates defining the area 
where the simulation-output data are to be trustworthy. Thus, the simulation area was 
divided into 9 regions; see Fig. 7.2(a). The inner-most region containing BS numbered 
1  to 8  was used for data collection.
The second method is a proposed alteration on the mobility model, and, accordingly, on 
the initial placement of the UE in the simulation area. The problem with the mobility 
model, as defined in [ETS04], is that the outermost cells have an inconsistent shape, 
compared to the innermost. Due to the “missing” BS out of the simulation area, many 
outer cells are required to cover a greater area and number of users. The artificially 
greater incurring interference has a negative effect on the whole simulation area, due to 
unity frequency reuse consideration. One solution to the problem, suggested by [Nou06], 
is to totally ignore the interference originating from those outermost cells. However, 
a different approach was considered in this simulation: to aim at less user density at 
the outer-most street. This is achieved by combination of reducing the probability of 
turning into a road that leads to the outer-most street, and, accordingly, the initial user 
density on the same streets. Note that, the above alteration does not have an impact 
on the output user density, because this is calculated in the inner-most cells.
Fig. 7.2(b) plots with different colour the extension of the urban cells, as a consequence 
of the selected path loss model. The cell-shape coincides with great accuracy the cell- 
shape theorisation of the previous chapter. Note that shadowing is not considered in 
the plot, and, that its effect would create fuzzy cell-edges.
Fig. 7.2(c) and 7.2(d) plot the overview map of the simulation area and shaded with 
the according path gain value (no shadowing is considered). The maximum path loss 
in the system is approx. HOdB; see Fig. 7.4. From the same figure, if multihop 
communication is to be opted for a certain percentage of UE per cell, then from the
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Figure 7.4: CDF and PDF of the values encountered on the overview path loss map in 
the simulation area.
empirical Cumulative Distribution Function (CDF), the respectiv< path-loss threshold 
can be derived. E.g. for the suggested 30% of the UE corresponds to approx. lOOdB. 
Note that, although the user density is uniform, the randomness appearing in the figure 
is due to the urban cell shape particularity and inherent shadowing.
7.2.5 Shadowing Model
Log-normally distributed shadowing is superimposed on the path loss overview map, 
as instructed in [ETS04]. Additionally, the autocorrelation shadowing property was 
achieved by implementing the Fast Fourier Transform (FFT)-version of the strategy 
explained in [FiaOl] and by using the de-correlation distance found from the measure­
ment campaigns.
7.2.6 SINR Calculation
In each simulation iteration, the Signal to Interferencc-plus-Noise Ratio (SINR) for 
each link a,, is calculated in order to be compared with the target level, dictated by the 
service-rate, and is given by rearranging (6 .2 ) and differentiating between inter- and
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intra-site interference (the inter- to intra-site interference ratio 77 is no longer necessary, 
because the simulation features a multicellular design):
PigiW/n /rr
—  T T AT ' \ )'intercell "I" 'intracell — Pi9i d" t
where finicrcell and /intracell are the inter- and intra-cell interference at the receiver.
In each simulation iteration and in succession of the PC step, the SINR of each formed 
link (SH,P2P, and LH) is calculated. At the end of each iteration, the achieved SINR 
is compared against the target level, and the outage and satisfaction percentages are 
assessed. Note that, outage in multihop communication occurs whenever at least one 
of the P2P and LH link quality is below the threshold.
7.2.7 Power Control
The UMTS PC is comprised of the outer- and the inner-loop. The outer-loop, which 
in the network is required only in the initial transmit power link-setup, is not modelled 
in the simulation, because it is assumed that all links are active before the beginning 
of the simulation. The inner-loop PC (alas fast or closed-loop PC) has a refresh rate of 
1500Hz, to overcome the fast-fading. However, system-level simulations do not model 
fast-fading effects. Furthermore, perfect PC is assumed, i.e. during the PC loop each 
MS perfectly achieves the SINR target, provided that the transmit power limitations are 
not exceeded. With that assumption, PC error is assumed equal to 0%, and PC delay 
Os. MS not able to achieve their SINR target at the end of a PC loop are considered 
in outage.
In order to deal with the near-far problem in the relay-enhanced UMTS, alterations 
are required to the PC algorithm. The centralised PC algorithm requires alterations 
to permit distributed PC commands from the RS. For the purpose of modelling the 
distributed PC, the Foschini-Miljanic algorithm (FMA), explained in [Gol05], was used. 
The convergence of the transmit powers over the FMA iteration steps are plotted in 
Fig. G.9 (conventional UMTS) and Fig. 6.10 (multihop UMTS). Although the conver­
gence of the FMA, in the figures, is felt to be rather slow (in Fig. 6.9 the iteration 
number exceeds the fast PC rate number), this occurs only in the initialisation of the
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simulation, until the transmit powers are stabilised. Assuming simulation-step time of
0.5s (so that multiple samples are taken before taking action on a handover), in more 
than 95% path loss estimations, the path loss difference is less than O.ldB. This maps to 
miniscule transmit power variations on each iteration, and the convergence is achieved 
within a few tens of FMA iterations. In order to reduce the computational time, the 
convergence success was tested, so as to depart from the FMA when all the powers 
were calculated. Therefore, the power difference in each system link was recorded and 
provided that the incurred power changes, in all system links, were below a set thresh­
old (1% change on the logarithmic scale), for a number of consecutive iterations, the 
FMA iterations were discontinued, and the PC was assumed completed and perfect.
7.2.8 Handover
For fair comparisons between the NR and relay-enhanced systems, hard inter-cell han­
dover is assumed. Frequency handover (between fl  and f2) was not allowed. This was 
because the soft handover and frequency handover implementation in the multihop mo­
bile network requires further research and optimisation. The same handover algorithm 
was applied to both relaying and NR MS.
7.2.9 Simulation Parameters
Table 7.1 summarises the simulation parameters. It also provides other researchers’ 
parameters for comparison purposes. Discussion on the design and development of a 
multihop mobile-network system-level simulation, and on its expected capabilities can 
be found in [AASD07],
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Although the data collection was performed only in the inner-most simulation region 
(BSs numbered 1 to 8), the multihop functionality was applied to these and their 
immediate neighbouring cells (BSs with index in the set {1..12, 14, 15, 17..20, 22, 
23}). This was found to be the best compromise between simulating relaying in all 
cells, and solely in inner-cells. The former case is unjust due to the edge-effects and 
the uneven mobility model, whereas the latter neglects relay-originated interference 
from neighbouring cells. Application of the multihop functionality on the immediate 
neighbouring cells is also a prerequisite in allowing for simulating other-cell relaying.
Note that, finding the immediate neighbouring cells cannot be dealt with simply through 
using a distance criterion, but the second tier of cells can be defined by the following: 
“Neighbouring cell B, referring to cell A, is a cell, to which the handover algorithm 
re-routes the call of cell A .” By employing the above expression, validity with the 
circular/hexagonal cell approach is preserved.
7.3 Relay Station Placement
The placement of the RSs on the Manhattan grid has a dramatic effect on the multi­
hop enhancement performance, and incorrect positioning may also degrade the system 
performance in terms of transmit powers [KIT08a]. In the endeavour of optimum RS 
placement, exhaustive RS positioning2 was performed (on a 5m grid). The RS deploy­
ment extended only on the inner-most cells and their immediate neighbours. More 
precisely, and for computational time saving, RSs were deployed at half of each neigh­
bouring cell (employing both distance and path loss thresholds). Therefore, in each 
inner-most cells, RS deployment was over the whole cell coverage area, whereas, in 
each second-tier cell, partial RS deployment was conceived.
However, the resulting size of routing metric matrices is prohibitive, thus, a more clever 
RS placement technique was conceived, based on the theoretical analysis of the previous 
chapter. In a “shadowing-less” environment, as such analysed, the LH link is favoured
2The RS were in fixed positions on the grid and they were active or inactive depending on the 
system’s requirements. The grid is dense enough to assume that the process of activating RS at 
different fixed positions can be called RS positioning.
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by the high BS antenna directivity gain, so that the optimum RS position is at the 
corner or biased into the side-street. However, additive shadowing on the path loss 
estimations create fuzziness in the RS optimum positioning.
Furthermore, opportunities also arise for same-cell relaying, for which the optimum RS 
position has not been researched. In this case, the RS is required to lie between the 
BS and the MOS, but biased towards the MOS location. It is felt that RSs between 
the BS and the first corner are not required (neither for other- nor same-cell relaying). 
In conclusion, locations on the main road, but further than the first corner, and in 
the side-streets, are potentially optimum positions for RS deployment, for same- and 
other-cell relaying, respectively.
7.4 Simulation Output
7.4.1 Expected UMTS Capacity
The main input in the simulation is the system loading factor, which was considered 
equal among the two frequency bands. However, this does not map to equal loading 
of the same cell in both frequencies, as the UE were allowed to move freely and in­
dependently in the simulation area. Moreover, due to other-cell relaying, the actual 
users served by each cell is diversified from the NR system, even though the same user 
positions are simulated. Statistics are collected at the end of each simulation iteration, 
rejecting the initial 100 iterations, in order to allow for the stabilisation of the system. 
This is required in dynamic simulations, in which the handover and routing algorithms 
are based on the recorded metrics of the previous iteration(s).
Seeking an estimate of the maximum NR system capacity, by employing the formula 
given in [HT02] (UL, perfect PC, no power limitations, all UE using the same service, 
interference is much greater than noise power):
K =  1 +  W/{ra)
. 1 + V
where K  is the maximum supported number of simultaneous users per cell, and [_-J is 
the floor function, typical cell-capacity values are provided: K  — 116users for speech
(7.3)
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12.2kbps and K  =  13users for data 1441cbps. The simulation consists of 72 BS and 
two frequency bands, which maps to 16,704 (1,872) users respectively. Assuming that 
the multihop technique will be used by 30% of the users in 20cells (Section 7.2.4),
i.e. 1,360 (120) MO, considering mobile RS would require modelling 1,624 (182) RS, 
and considering fixed RS would require 80 RS. The great numbers incurred in the 
mobile RS case, impose a computational memory and time restriction, which hinders 
the examination of the multihop system.
By calculation of the dimensions of the matrices involved in the transmit power deter­
mination for the frequency scheme I-of the previous chapter (M  =  8352, R — 812 for 
each frequency band) it is found that the involved matrices consist of 0.7 to 56.9 million 
elements, summing to 84 million elements, or 641MB (64-bit double precision). The 
demanded memory is, however, even greater, because here it is assumed that the RS 
position is known, whereas during the simulation, appropriate matrices regarding the 
relay selection algorithm are required. Furthermore, this calculation takes place in each 
of the required number of PC and simulation iterations (1000 minimum is suggested for 
speech service). The situation is aggravated even further, considering that the above 
numbers refer to the UL, while calculations in DL would double the memory and time 
demands. For the above reasons, efficient programming techniques are required.
On the other hand, the same calculations for the data service (144kbps), map to (M  =  
936, R — 91 for each frequency band), 0.0083 to 0.71 million elements, summing to 
1.1 million elements, or 8MB (64-bit double precision). However, 10,000 simulation 
iterations are suggested (data service) in order to achieve the required output statistical 
precision. The same numbers for high-data service (384kbps) are: 5 users per cell, 720 
users in total, M  — 360, R =  7, 1MB per PC and simulation iteration.
7.4.2 Multihop Applicability and Initiation
A more precise analysis of the NR system is required in order to estimate the relaying 
applicability in UMTS. Fig. 7.5(a) plots the NR UMTS outage and un-satisfaction per­
centages, over different system loadings, which can be translated into system capacity 
metrics. As can be observed, the NR system creates coverage dead-zones, when the
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system is overloaded (loading factor 95%), whereas it performs well for less loading. 
Therefore, the multihop connectivity is expected to act in two different ways, defined by 
the loading regime: a) when the loading of the system is low, the transmit powers are 
to be reduced, prolonging battery life in the UE equipment, and. b) when the loading 
is approaching its limits, the network capacity is to be increased.
96 97 98
Load factor [%]
100 80 100 120 140 160 180
Separation distance [m]
(a) Conventional UMTS capacity, both curves (b) PDF of the MS-BS distance, when outage oc- 
perform equally at very high system loadings and curs. The figure refers to approx. 1% outage, 
the effect on users is shot to infinity at the 1 0 0 % 
level.
Total path gain [dB]
(c) Total path loss PDF. (d) PDF of the achieved
«  t  - ( { p m s t , p r s h
variables are expressed in decibels.
( {P MS T PRS t  + P M°  T } -  Pmax t ) -  All
Figure 7.5: Various plots which describe the simulated UMTS.
Fig. 7.5(b) plots the Probability Density Function (PDF) of the separation distance 
between BS and MS, when the latter is in outage. The plot reveals the expected
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result of outage occurrence in the region of each street corner, especially at the first 
corner, where the shadowing alters profoundly the propagation characteristics. The 
outage occurring further than the first corner is probably due to the OLOS regime 
communication, and is on general terms evenly distributed over the distance, excluding 
the area around the second corner, for which the pilot from the neighbouring cell 
prevails. The even appearance is explainable when considering the great effect of the 
shadowing, which impacts equally all distances, compared to the less intense change 
of the path loss, over the same distance range. Prom the same plot, it can be broadly 
concluded that the distance alone is not a sufficient criterion for multihop routing, in 
the studied Manhattan-grid environment.
On the other hand, a better discernability between UE which require multihop attention 
and those that do not, can be achieved by studying the total path loss of the the MS— 
BS link. Note that, the total path-loss channel information is available at the BS, 
so that the RS search initiation and routing can be performed centrally. Fig. 7.5(c) 
plots the total path gain PDF of the UE in outage and not in outage. The non­
uniform appearance of the PDF curve of the UE not in outage is due to the urban cell 
shape distinctiveness. The UE in the lower-end on the x-axis have a great probability 
of getting in outage, however, there is no clear path loss boundary between the two 
conditions, as the not in outage PDF curve extends in all attainable path loss values. 
This is suggestive of the total path loss being an insufficient criterion when considered 
alone, for multihop routing metrics.
Therefore, for the purpose of the simulation, neither distance nor path loss were em­
ployed. On the other hand, as described above, there are two functions of the multihop 
technology when considered in the studied UMTS: reduce the transmit powers and 
increase the network capacity. The respective metric quantity of the latter can be 
approached by the link SINR. This is because with improvement, in the SINR, by in­
creasing the received signal power or by reducing the interference at the receiver, the 
UE in outage may be able to meet their SINR service targets. As a novelty in this sim­
ulation, the joint quantity of the transmit power and SINR was employed for multihop 
connectivity initiation. Thus, the PDF of the MS in the two states (relaying or NR) 
become more clearly distinguishable; see Fig. 7.5(d).
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Figure 7.6: The optimum threshold for multihop initiation.
Fig 7.6 plots the resulting outage probability for the the relaying and the NR mobile 
network over different values of the joint transmit power SINR (joint p-a) multihop- 
initiation threshold. The simulation results can be successfully approached by a quadratic 
curve, the equation of which is provided in the figure. The minimum of the curve, at
0.152dB, was defined the best operational point with respect to maximising system 
performance. The optimum threshold was expected to lie in the plotted x-axis regime, 
because there, it best discerns the MS which require multiliop connectivity from those 
that do not; see Fig. 7.5(d).
For smaller values of the threshold, fewer MS are granted multihop connectivity, and 
the outage probability surpasses the respective NR curve. This is suggestive of the 
relay function failure to provide with a better path, compared to the NR. It should 
not, however, be of concern, since the optimisation of the path will be researched in 
following subsection. Furthermore, such occasional cases of the multihop connectivity 
burdening the mobile network instead of operating towards greater performance cannot 
be totally eliminated, for mainly two reasons: a) all metrics axe based on the previous 
simulation iteration snapshot (dynamic simulation), and b) in the extreme fully loading 
regime under consideration, some MS are doomed to outage (being unable to find a 
suitable RS, lying at the edge of cells at the maximum theoretical capacity, etc.)
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On the other hand, for greater values of the threshold, the outage probability rises, due 
to multi-hop connectivity popularity, which creates RS shortage. A possible solution to 
this problem, may be to cap on the percentage of the MS which are allowed multihop 
capabilities in each snapshot in the network. However, resolution to this issue is required 
only for the purpose of this simulation, since in a real deployment, each fixed RS will 
probably be capable of serving multiple MS instantaneously. This can be achieved 
by multiplexing the data streams from multiple MSs and by creating a higher data- 
rate link to the BS. This idea, which is expected to yield to even greater network 
performance, supported by the fact that higher data-rates generally map to reduced 
SINR requirements ([HT02]), is not considered in this simulation.
It remains to be noted that, the suggested multihop initiation criterion and threshold 
value, are focused on minimising outage probability, thus for low system loadings, 
relaying will be discouraged. Therefore, a more profitable consideration, which includes 
both reducing transmit powers and increasing network capacity, is a joint criterion, 
consisting of: a) ratio of MS for low-, and b) the joint p-a for high-loading.
7.4.3 Neighbour List Compilation
As mentioned above, efficient programming techniques are required to overcome the 
computational obstacles, which are mainly due to the great number of RS (exhaustive 
search) and PC iterations. The latter effect was suppressed by modifying the PC 
algorithm, whereas the former necessitates routing adjustments. An initial modification 
was already mentioned in the RS positioning subsection, which is based on the optimum 
position that was analytically found in the previous chapter. Other routing adjustments 
are relevant to the neighbour list compilation, and are discussed below.
Each MS that opts for multihop connectivity compiles a list of RS node candidates. 
The length of the list, the routing table compilation initiation and storage are not 
discussed, are not in the scope of this thesis, and, therefore, are not examined. The 
neighbouring RS list, which is considered of infinite length, is populated by the closest 
RS (distance criterion). The distance metric, although not being the optimal choice, 
is the less computationally demanding, compared to other quantities (path loss, SINR
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estimation), and thus is employed as a hard limit for candidate RS search. The distance 
of one block was felt appropriate for both same- and other-cell relaying functionality, 
as a result of the previous chapter outcome and discussion; see Section 6.4.1.
After exploiting the P2P distance, a joint path loss and interference criterion was em­
ployed for the LH links. Due to the well studied breathing effect ([HT02]) encountered 
in UMTS, some candidate RS may lie outside the cell edge. Especially those RS which 
arc situated very close to the MS which opts to relay, so that the propagation chan­
nel may be afflicted with the same unfavourably shadowed conditions. The cell-edge, 
expressed in decibels, can be estimated by the noise rise at the BS receiver, from the 
previous simulation iteration, by:
Smax =  K ?B/1° +  0  ^/Pmax (7-4)1 +  1/a \ /
which is derived from (7.2) and where gmax is the cell-edge, pms,x is the maximum
allowable UL transmit power, nj?B is the noise rise at the BS receiver, and t^B is an
adjustable threshold value. All variables are expressed in linear scale, except the noise
rise 7i^ U which is expressed in decibels. The threshold value t#B is required to fine
tune this criterion, since the cell-edge is expected to grow bigger on the next iteration
step, due to the reduction in interference, owing to the multihop connectivity in due.
If no threshold value is considered, some RS which lie close to the cell-edge may be
erroneously excluded from the routing algorithm.
Note that a problem arises in the above routine, in the estimation of the cell-edge. This 
is because, as being an estimation based on the previous iteration interference levels, it 
does not always lie close to the actual value, especially when the handover mechanism 
is due to direct traffic from/to the cell in question. A more accurate estimation can be 
performed by employing the path loss knowledge of the MS which are and are not in 
outage. Thus the actual cell edge is bound to lie between the path loss values which 
correspond to the transition from outage to acceptable link quality level. Therefore, a 
combination of the two suggested routines was applied whenever possible. The applica­
bility of this combinatory algorithm is restricted to the cells which serve UE in outage, 
because otherwise, the cell edge is only lower-limit bound.
After the joint path loss and interference LH criterion, an additional path loss based
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P2P criterion was applied. This completes the preceding static distance P2P limitation 
with a dynamic approach, based on the total path loss of the MS which opts to relay. 
This is achieved by the following restriction:
gRS,BS > s MSt P|P ( ?  5 )
where tp|p is the P2P threshold. All variables are expressed in a linear scale. The 
inclusion of the threshold is an important feature, since it is required so as to yield to 
power reduction. Note that, when |p — 1, the MS is allowed to update its neighbour 
list with RS that are in the same deep shadowed environment, which may incur to 
interference rise due to the additional relaying-originated links.
The application of the suggested criteria, reduce on average the number of candidate 
RS by 85.47%, which results in massive computational-time savings, as presented in 
Section 7.4.1.
7.4.4 Relay Station Selection
Having compiled the neighbour node list, there is a variety of literature routing sug­
gestions: distance, power, Global Positioning System (GPS) location, path loss, inter­
ference, SINR, data-rate, and combinations of these. Based on an extensive research 
on the RS selection algorithms in a similar simulation ([Nou06]) the maximum total 
SINR criterion was chosen. In the light of this selection, which promises to minimise 
outage probability and thus maximise the network capacity, the MS, which opt to relay, 
request from the RS to perform beam signal-quality measurement of the two links (P2P 
and LH). The link quality measurements (SINRp2 p and SINRlh) information are then 
made available at the BS, which decides the order of preference of the qualifying RS. 
The employed metric was the maximum total SINR quantity SINRp2 p +  SINRlh j as 
in [Nou06]. Fig. 7.7 plots three out of the several tested criteria, with the aim to rectify 
the scale of the addition of the two links’ SINR. The SINR bottleneck criterion is also 
plotted as a reference.
At this stage, whenever there was a conflict of multiple MS opting to relay via the same 
RS, the problem was resolved by prioritising to facilitate the most seriously affected
216 Chapter 7. Dynamic System Level Simulation for Multihop UMTS
7
o 1— --------------------------------------------------
0.2 0.3 0.4 0.5 0.6 0.7
Throughput [bps/Hz]
Figure 7.7: Relay selection algorithms.
MS. The conflict-resolving algorithm employs the same link cost metrics (maximum 
total SINR) as well as the estimated noise rise at each cell. The latter is required for 
deciding on dismissing the MS multihop connectivity request, in the case where all its 
qualifying candidate RS are reserved for less fortunate (in respect with the link quality) 
MS. The decisive quantity is the estimation of the UL transmit power pMS given by:
upper power limitation. The lower power limitation is not required since the deprived 
of multihop connectivity MS, is by definition transmitting at the high-end of the allowed 
power-range.
However, the coding of this conflict-resolving routine requires multiple passes until 
all MS are appointed the respective RS, resulting in a high computational time. The 
problem was resolved by identification of groups of MS opting for the same, high quality 
RS, and by parallel resolution. The speed of the algorithm is due to the existence of 
shadowed patches in the simulation area in which the MS opted to relay their traffic 
via the same RS, with the same order of preference.
(7.6)
derived from (7.5) and where m in{.} is the minimum function, so as to impose the
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7.4.5 Impact on Outage Probability, Coverage, and Transmit Power
The impact of relaying on outage probability varied heavily with the service rate, user 
density and simulation parameters. Furthermore, since the simulation is unique (see 
Table 7.1) there is little room for comparisons with other research work. Various figures 
can be produced as the simulation output, all of which present the supremacy of relay- 
enhanced UMTS over the conventional version.
Fig. 7.8(a) plots the outage probability of the relaying system, compared to the NR, 
for a variable level of system loading. Both systems perform similarly for a low system- 
loading, which is due to the specific relay initiation criterion selection. It is reminded 
that this criterion applied to the relaying function only when it predicted that multihop 
communication would lower the outage probability, by “saving” the “endangered” MS. 
Note that, the same service was assumed for all users in the simulation, so that each 
user contributes with the same amount of throughput to the total quantity plotted on 
the x-axis3. Data service with rate 384kbps is assumed in the specific plot. Approx. 2% 
decrease in outage probability was shown when the throughput was about 0.6bps/Hz, 
which corresponds to approx. 8 active users in each simulated cell. By studying the plot 
in the x-axis direction, for the given 4% outage probability, in the specific comparison 
the relaying system capacity is improved by approx. 10%.
Fig. 7.8(b) plots the decrease in transmit power levels required to achieve the same 
system loading. The same data service is assumed for all MS. The relaying system 
achieves, on average, for a given load factor approx. 5dB in mean transmit power 
savings, which is shown to be constant over a wide load factor range. Furthermore, both 
systems have the same capacity limit, when the cell loading factor approaches 100%, 
and the slope of both curves is altered to rapid transmit power increase. However, the 
NR curve changes towards higher powers at a smaller value of the loading factor. Thus 
given a certain transmit power threshold, the relaying system is shown to be capable 
of achieving greater loading.
Fig. 7.8(c) plots the capacity enhancement when relaying is applied selectively in one 
or in both system frequencies. For 5% outage probability the capacity of the system
3Bloclc error error rate ([HAP07]) of 0 % is assumed.
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Figure 7.8: Simulation output figures.
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increases by approx. 50%. Note that, the maximum achieved throughput is inferior 
to that of the data service, in Fig. 7.8(a), although the capacity increase in the case 
of speech users is greater. By using the results of Section 7.4.1, there are 116users in 
the cell, so that, for 0.9 site load, the corresponding throughput is approx. 0.25bps/Hz. 
For the same throughput in the case of data service the outage probability is close to 
zero. This is an expected result, since the higher data-rate links are characterised by 
greater spectral efficiency.
Fig. 7.8(d) plots an overview section of the simulation area, coloured in grey-scale de­
pending on the coverage statistics. The NR and relaying networks are plotted at either 
side of the vertical divider line. The urban cell extends deeper into the perpendicular 
roads and the strong shadow fading is combated. Note that both NR and relaying 
systems are plotted in the same axes, and that very similar results were found at the 
opposite side of the divider line, owing to the Manhattan deployment symmetries. Note 
also that, the NR urban cell-shape is slightly altered from the one presented in the anal­
ysis of Chapter 6, which is due to the inclusion of the shadowing consideration. The 
shadowing is also responsible for the non-smooth coverage-shading in the plot. The 
specific plot is corresponding to a site load of 0.85 for the case of speech users, showing 
approx. 90% achieved coverage, over 75% of the NR network.
Fig. 7.8(e) plots the total transmit power from the BS indexed 1 (BS1) and 2 (BS2), for 
both of the modelled frequencies (fl and f2), over the simulation time. Each simulation 
step corresponds to 0.5s of real time, which is used as a rule of thumb for UMTS 
system-level simulation, ft also allows for multiple observation snapshot metrics to 
by recorded for algorithms which feature hysteresis thresholds, such as the handover 
between cells and between relaying- and SH-modes. The upper y-axis limit is set at 
the maximum allowable BS transmit power. This plot corresponds to a great system 
loading (approx. 97%), yet this plot shows that this limit is not approached, which is 
suggestive of the relaying being more required in the system UL, than in the DL.
Fig. 7.8(f) plots the PDF of the UE transmit powers over the whole simulation time, 
for both simulation frequencies, severally (fl, f2) and jointly (fl & f2). The PDF 
shape is the expected: a normal-like curve with high tails at the sides of the imposed
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limitations. The simulation was tried, to verify this claim, for an ideal system without 
power restrictions, and the said PDF curve adopted a symmetrical, normal-like shape, 
without the tails. However, the imposition of lower power limitation, in order to meet 
the UE hardware specifications, created the lower-end tail, which is suggestive of greater 
link quality potential. In a maximum system throughput examination, these links would 
contribute greatly to the network sum-rate. On the other hand, the higher-end tail of 
the PDF curve is suggestive of UE in outage. This tail grows for very high system 
loadings and the peak level of the shape is also shifted towards greater transmit powers 
(right in the x-axis).
The fl and f2 curves converge after a sufficient number of iterations. This convergence 
attribute was employed to decide on how many iterations are required for the simulation 
completion. The simulation was then repeated with different UE starting point by 
diversifying the randomness seed. The new simulation was stopped again at the fl and 
f2 curve convergence, and the outage outcomes were found to be similar. Therefore, it 
was assumed that the parameter space was sampled adequately.
7.5 Flow Chart
The simulation flowchart and diagrams are provided in Fig. 7.9, Fig. 7.10, and Fig. 7.11 
to show the logical relation of the coded functions.
7.6 Conclusions
In this chapter, a multihop UMTS system was simulated. Several interesting aspects 
of the dynamic system-level simulation were discussed: UL and DL, path loss and 
shadowing models, deployment scenario, user mobility, SINR calculation, PC algorithm, 
handover, among others. The main characteristics of the simulation were compared to 
other literature works. First, the conventional UMTS was modelled and statistics were 
recorded, in order to perform correct decisions and assumptions for use in the multihop 
applicability. The statistics analysis showed that the mobile network may benefit from
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the next ite ra tion  MS ltd.
U pdate  cu rren t ite ra tion  relaying list fro  the  next iteration relaying relay lid.
►|_________M easure S IR  & com pare  t a g a e irt th e  SIR t i g t  Intftate re laying (In separa te  F g u re l
PC (a d ju d  the  pow er in o rde r to  reach  the  SIR ta rge f
T erm ina te  sim ulation
Figure 7.9: System-level simulation flow chart.
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Continue from previous Figure. For each MS of the current iteration relaying list calculate the SIR of the 
MS to RS & RS to BS links using the gains and powers stored from the previous step.
______________ I______________
Calculate the minimum SIR (min SIR) of the two hops.
For each MS of the current iteration MS list the RS which offers the maximum min SIR is chosen. In the 
case of two or more MSs choosing the same RS, the MS with the best second alternative RS yields. In the 
_________ case of no alternative RSs, the MS with the best SIR at the MS to BS link yields.___________
Yes
Update the relayee list from the MS 
current iteration relaying list. For each 
relayee and RS set set up initial power 
levels for the UL.
No
If a MS of the MS current iteration relaying list cannot find an 
available RS. then the relayee under question is excluded from 
the relaying session, although this does not mean it is in 
outage, as the interference level of the system is about to drop
► Perform PC in all the DDCHs (for all links, direct and multi-hop links)
No T_________
— * Arelhenumber of PC steps = 1500 or powers establsihed?
Yes
T
Record the received SIR
Continue simulation, back to previous Figure
Figure 7.10: Relaying section flow chart of the system-level simulation.
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Figure 7.11: The simulation relaying function flow.
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the multihop connectivity. The benefit is in the form of reduced transmit powers, in the 
case where the system is not fully loaded, and can also lead to increased capacity, for 
intensive loading. With respect to the former, an approx. 5dB reduction in transmit 
powers was found, which agrees well with the expected power savings from the analysis 
of Chapter 6. Regarding the latter, 10 to 50% drop in the outage probability was shown, 
which is in good agreement with [RH06, RBM02]. However, the relaying benefits over 
the conventional UMTS network depended heavily on the chosen service and employed 
routing algorithms.
The major routing metrics were tested in the urban cell: distance, path loss, and SINR. 
A novel metric quantity, joint of transmit power and achieved SINR, was proposed, and 
shown to perform efficiently for routing initialisation decisions. The maximum of two 
hops was allowed in the simulation, as had been suggested for maximising relaying gains 
over complexity. Therefore, the routing was downgraded to relay selection algorithm. 
The sum of SINR of the two links (P2P and LH), in the linear scale, was identified as 
the criterion which mapped to maximum reduction of the outage probability.
A novel algorithm was proposed for resolving the conflict of multiple MS opting to relay 
via the same relay. Prioritisation in facilitating the most seriously affected users em­
ployed the same link cost metrics (maximum total SINR) as well as the estimated noise 
rise at each cell. Two novel path loss models were employed, depending on the terminal 
heights of the communication pair: a) a modified version of the WINNER II model, 
envisaging OLOS path loss estimation, and b) the models proposed in Chapter 4, which 
were derived from measurements performed in a dense urban environment, compatible 
with the one simulated. A modified pedestrian mobility model was suggested, especially 
suited for the Manhattan grid deployment scenario, which suppressed the edge-effects 
and waived the wrap-around requirement. A brief study of the required computational 
time was performed, and techniques for reducing it were discussed: adaptive coding, 
modified PC algorithm, etc. The expected conventional UMTS performance, in respect 
to the network capacity, was estimated, by analysis and simulation.
Finally, the system level simulation was dynamically coded, so as to adapt the interfer­
ence calculation according to the identified frequency allocation schemes of Chapter 6.
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The concurrent UL scheme was found to be less prone to outage and thus was selected 
for simulation output presentation figures. The simulation results indicated system 
capacity gains, provided that maximum total SINR routing was employed.
The performance of relaying, with respect to system throughput, were not displayed 
herein in its full potential. This is because the same service and data-rate were assumed 
over all UE, which prohibited the search for the system maximum sum-rate. Moreover, 
consideration of relays to be allowed to serve multiple users at a time would further 
increase the network performance due to the anticipated increase in spectral efficiency.
Chapter
Conclusions & Future Work
This thesis started with the intention to study the capacity and coverage improvement 
of employing relaying in a Universal Mobile Telecommunications System (UMTS) net­
work, in a dense urban environment. During this study, a gap in the literature about 
path loss models was identified. To the author’s best knowledge, the existing statisti­
cal non-time-dispersive mean path loss models do not cover the low-height level that 
multihop connections of such network are likely to take place. In order to study the 
effect of the transmission path height on the mean path loss, a measurement campaign 
was designed and conducted. The data of additional campaigns were also analysed, 
and several mean path loss, shadowing and fast fading models, suitable for use in relay­
ing systems’ analysis, were derived. Having been equipped with the right propagation 
models, the focus of the thesis moved towards the examination of the essential con­
ditions (frequency allocation schemes, routing, etc.) for the relaying applicability and 
viability. The conclusions of this thesis are categorised into two sections, with respect 
to the field of interest, for facilitating the reader.
8.1 Propagation-related
A measurement campaign was designed and conducted, and the collected data, inclusive 
of a second campaign, were employed into modelling a new path loss formulation, 
targeting at being useful for low-height terminal relaying systems. The data were the
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received power at a given location, the transmitter Effective Isotropically Radiated 
Power (EIRP) and its location on the map, however a Geographic Information System 
(GIS) database was used to analyse the effect of environment and categorise the data- 
points. A third campaign was designed and carried out, so as to determine to what 
extent the recording vehicle in the first campaign altered the recorded received power, 
due to reshaping the radiation pattern.
After the acquisition of the data, a discussion on the pertinent issues of post-processing 
followed: relocation of erroneous data-points, examination of the Line-Of-Sight (LOS) 
property, application of the Lee sampling criterion, determination of the noise-floor 
amongst others. Especially for the latter, a synthetic shadowing channel path loss pre­
diction led to the cut-off distance weighting function, which showed greater accuracy in 
predictions, when compared to other functions. The examination of the LOS property 
was performed through ascertaining Fresnel zone clearance of obstructions, buildings, 
vegetation or water alike, which were modelled from the GIS database.
An applicability study of the literature empirical models for predicting the measure­
ments, showed that new models could be formulated with specifically calibrated vari­
ables in the conducted transceiver heights. Based on the existing non-time-dispersive 
propagation models, single- and two-slope regression analysis, linear and non-linear, 
was employed to derive the channel function. A joint single- and two-slope regression 
model was also suggested for measurement data analysis, where one of the transceiver 
heights is lower than the effective road height, such as in the Measurement Campaign A 
(MCA). A discussion on the best-performing robust-technique weighting-function was 
provided, concluding with how to perform a relevant model-coefficients accuracy-test 
before each regression-analysis.
A series of propagation models, calibrated to best estimate the low-height communi­
cation characteristics, was derived, aiming to suit the requirements of path loss ap­
plications. Among the findings in MCA were: the slope coefficient n e  (2.76,3.31) 
(LOS, single slope) decreasing with higher communication height, and n 6 {2.27,3.10} 
(LOS, two slope model). The receiver height and environment were also found to af­
fect the mean LOS path loss estimation, suggesting an additional 0.5-9.6dB for lm
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drop in height and 0.4-2.0dB for urban locations, over suburban ones. For Non Line- 
Of-Sight (NLOS) communication, the path-loss slope-coefficient n was found to be a 
function of the receiver height and to range in distinctly higher values than within LOS, 
n G (3.89,5.65).
Among the findings in Measurement Campaign B (MCB) were the slope coefficient 
n E (2.17,2.51) (LOS, single slope) decreasing with higher communication height, and 
n G (2.70,3.01) (LOS, two slope model, second slope). The effective height of the 
road was found to have a value which is close to other published literature work and 
to appear in the path loss prediction-terms and the breakpoint distance definition. In 
NLOS, the path-loss slope-coefficient n was found to be a function of the terminal 
heights, in the logarithmic scale, and to range distinctly higher than the LOS branch 
n G (3.02,4.18). When examining the performance of MCB models in predicting the 
MCA data-points, jointly for LOS and NLOS, the average error was calculated at: 
4.47dB and the Root Mean Squared Error (RSME): 13.1dB. The same numbers for 
MCA models in predicting MCB data-points, average error at: 6.00dB and the RMSE: 
10.9dB. The average error, using KEMs LOS model1, was: 0.153dB and RMSE: 7.60dB.
By using the GIS database, the probability that a point with a given distance from 
the transmitter is within LOS was examined and the best-fit exponential function was 
suggested to approach the experimental results. The shadowing was found to be log­
normally distributed with a standard deviation, on average, 9.83dB (MCA) 7.48dB 
(MCB), practically independent of other predictor terms. In MCB, within LOS, the 
de-correlation distance was found at 29m (urban) and 26m (suburban), whereas for 
NLOS, at 51m (urban) and 56m (suburban). Similar numbers were found in MCA. 
Studying the small-scale fading distribution, the Rician/Nakagami was found to best- 
fit to the LOS/NLOS data-points. Based on the above measurement results, a basic 
application of the formulas was examined to study the extent of the covered area by 
employing different path-loss models.
However, the empirically-derived models that were suggested in this thesis were based 
on measurement campaigns, which is their main disadvantage: the experimental de­
1 Konstantinou Empirical Model (KEM)
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pendence, i.e. the correction coefficients that were introduced were calibrated for a 
particular geographic region. Therefore, in order to preserve the statistical error at the 
acclaimed levels, the models should be applied within the studied scope of measured 
variable-ranges. Furthermore, the coefficients that describe the frequency dependence 
were derived from two studied frequencies. Thus, only a linear (or logarithmic) response 
was applicable, so that the path loss estimation error at intermediate frequencies may 
be greater. Lastly the LOS model predictions suffer from uncertainties arising from the 
antenna radiation patterns, and, therefore, greater statistical error is unavoidable.
Nonetheless, the presented propagation models are to the author’s best knowledge 
the most suitable to be used in dense urban, urban and suburban low-height-terminal 
applications, given that the parameters range within the studied scopes.
8.2 Multihop-Related
The multihop-related research of this thesis begun with a discussion on the frequency 
schemes in a UMTS/Frequency Division Duplex (FDD) with relaying-enhancement. 
Several schemes were identified, categorised, and two were selected as promising to 
deliver the potential benefits of using relays in UMTS. It was shown that, by employing 
a different frequency scheme, the interference reception at the system terminals was 
altered and that the interference could be shifted between the Relay Station (RS) 
and Base Station (BS). The two-hop path loss reduction was examined for same-cell 
and other-cell relaying and it was found that: the former did not provide any practical 
benefit, whereas the latter reduced the path loss as much as 13.3dB. This was explained 
by the urban deployment peculiarity, where the mean path loss for a certain distance 
had inherent shadowing and opportunities for a greater path loss reduction arose.
An analytical approach was conceived to express the transmit powers of the multihop 
UMTS with closed form expressions. Equations were derived for the selected frequency 
schemes. In the examined cell, the RS are assumed to possess two antennas, one for the 
BS and one for the Peer-To-Peer (P2P) links, each having a different radiation pattern, 
of variable directivity gain. The derived path loss formulas in this thesis were used in 
the P2P path loss estimations. The derived analytical expressions were validated by
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the use of a distributed Power Control (PC) scheme through system-level simulation, 
and transmit power reduction for serving the same users in the system was observed 
with relays (positioned at optimal fixed locations).
The same system-level simulation, equipped with suitably-modified path loss, mobil­
ity, and PC algorithms, was employed, also, for evaluating the relaying effectiveness. 
More specifically, for the path loss, three different regimes were discerned: LOS, Ob­
structed Line-Of-Sight (OLOS), and NLOS. The mean path loss in the OLOS regime 
was corrected with respect to the observed LOS probability in MCA and MCB. Several 
assumptions which were used in relaying decisions were based on the outcome of the 
analytical approach.
The major routing metrics were tested in the urban cell: distance, path loss, and 
Signal to Interference-plus-Noise Ratio (SINR). The routing metrics’ applicability was 
examined because it was shown that, outage occurs mostly in the region of each street 
corner, rather than at the far edge of the cell as in the case of hexagonal- or circular- 
cells. A novel metric quantity which considered jointly transmit power and achieved 
SINR was proposed. This metric quantity was found to be more reliable in the mul­
tihop connectivity initialisation decision. Its threshold value was found to affect the 
system outage probability, and was calibrated by an exhaustive search. With respect 
to the RS selection, the employed metric which mapped to greater reduction in outage 
probability in the studied system, was found to be the maximum total SINR. A novel 
algorithm aiming at resolving conflicts created when multiple network users opted to 
relay through the same relay node was also presented. Reduced transmit powers and 
increased capacity were shown, under the condition that the appropriate criteria were 
met.
However, herein it should be noted that the results of the relaying applicability were 
studied in a simplified scenario, which considered several assumptions that should be 
altered in a real relaying application. In the Manhattan grid scenario the building blocks 
and BS locations arc positioned on a repeated pattern. Furthermore, the building blocks 
were simply squares and no open-in-urban spaces existed. The above features do not 
always resemble a real urban-centre master-plan. Regarding the mobile network, no
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optimisation algorithms were run in order to define the BS powers and tilt angles, so 
that minimisation of the interference would be achieved, as is done in industrial system- 
level simulation. What is more, the frequency allocation scheme that was considered 
in the simulation boasted little complexity for speed of calculations. A smart resource 
allocation scheme could further improve the network performance.
Nevertheless, the presented simulation results can be used as a baseline in the explo­
ration of the impact of employing relaying in a UMTS mobile network. Sue to its 
structure having being founded on specific guidelines ([ETS04]), the simulation can be 
used as a reference point for future researchers.
8.3 Future Work
8.3.1 Propagation-Related
A sole propagation-related suggestion, the inclusion of additional predictor-terms, is 
presented for future work. A short analysis of its expected functionality is provided.
The mean path-loss formulation was conducted with the help of the regression anal­
ysis, employing predictor model-terms originating in literature expressions. However, 
more terms can be considered. The new predictor-terms which can be included in the 
model, are for instance the ones implied by observation of the path-loss dependence 
with the assistance of plots. This is more interesting to be studied in the case of MCB, 
which had some particularities in the recording procedure, i.e. the simultaneous obser­
vation of the received power at multiple frequencies and antenna heights. Therefore, 
some observations concerning the formulation of the propagation model, by comparison 
between the recorded power levels at the different receiver antennas, are possible.
Let A L the difference in the recorded power level between the “High” and the “Low” 
receivers, which is mapped into path loss difference. Fig. 8.1 plots this path loss differ­
ence A L in multiple subplots, each corresponding to the different affecting parameters,
i.e. frequency / c, LOS property (LOS, NLOS), environment (urban, suburban). In 
each subplot, the average (solid line) and 25th and 75th percentiles (dashed lines) of
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Figure 8.1: Effect of receiver height /i r  studied over distance d. Path loss difference 
AL  between “High” and “Low" receivers.
the path loss difference A L, due to antenna height, are plotted against the distance 
from the transmitter d. The percentiles demonstrate the variation about the average. 
Note that, for each subplot, which maps to the other parameters being unaltered ( /i r , 
LOS, f c — const.) there may be several measurement runs, and that in the NLOS sub­
plots there is more variation of the observed AL values due to the rich data availability 
under the NLOS condition.
By observation of the NLOS subplots, it is felt that the path loss difference A L may be 
dependent on a joint distance-frcqucney predictor-term, which is not considered in the 
analysis. This term, if significant above the regression threshold levels, may quantify 
the strength of this dependence which is undeniable in the / L frequency, but is felt to
232 Chapter 8. Conclusions & Future Work
be unreliable for higher frequencies.
In succession, let A L the difference in the recorded power level between the receivers 
with the biggest frequency gap (420 and 2020MHz), which is mapped into path loss 
difference. Fig. 8.2 plots this path loss difference A L in multiple subplots, each corre­
sponding to the different affecting parameters, i.e. receiver height / i r , LOS property 
(LOS, NLOS), environment (urban, suburban). In each subplot, the average (solid 
line) and 25th and 75th percentiles (dashed lines) of the path loss difference AL, due 
to the frequency difference A f c, are plotted against the distance from the transmitter 
d. The percentiles demonstrate the variation about the average. Note that, for each 
subplot, which maps to the other parameters being unaltered (7ib, LOS, f c — const.) 
there may be several measurement runs, and that in the NLOS subplots there is more 
variation of the observed A L values due to rich data when in NLOS.
By observation of the LOS subplots, it is felt that the path loss difference A L  may 
be dependent on the distance from the transmitter d, because there is an undeniable 
rising AL  trend with a higher d. However, predictor terms which consider frequency 
and distance jointly have not been studied in the regression, as they are not found in 
the literature. Nevertheless, the path loss dependence on such joint terms may be also 
be ignored, as the dependence on the frequency predictor-term alone is stronger.
A similar analysis can be performed in the investigation of the effect of the other 
parameters on the path loss L. Furthermore, expressions which consider the street 
width, as in the International Telecommunication Union — Radiocommunications sector 
(ITU-R) model, can be researched. However, the graphical investigation comes as 
complement to the statistical method (regression analysis). The latter is capable of 
providing with information about the goodness-of-fit and error margins in the assumed 
hypotheses in the formula development. It is, however, very useful, in the search 
for the joint effect of the studied parameters, and is, therefore, suggested as further 
model development guideline. These, additional, joint, terms were not tried because, 
firstly, they are not found in the literature, and secondly, adding more terms in the 
regression analysis is restricted by computational time, lack of measurements in more 
(not necessarily wider range of) frequencies and antenna heights, and overfitting risk.
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Figure 8.2: Effect of the carrier frequency f c on the path loss L, studied over variable 
distance from the transmitter d. Path loss difference AL between 420 and 2020MHz 
receivers.
234 Chapter 8. Conclusions & Future Work
Lastly, it is mentioned, that the proposed propagation models are suitable when pur­
suing active research areas in communication systems, such as the development of 
theoretical capacity limits for multi-hop mobile networks and the collaborative relay 
mobile networks.
8.3.2 Multihop-related
Further work may involve:
1. Reformulating the analytical system equations of Chapter 6 to find the maximum 
achievable system sum-rate.
2. Examination of allowing multiple users to use the same relay node simultaneously; 
see Section 7.6. This subject is of great interest, since the relaying network will 
be profitted by the reduced quality criteria of good paths.
3. Implementation of cooperative relaying and Multiple-Input and Multiple-Output 
communication capabilities in the system-level simulation of Chapter 7.
4. Joint consideration of indoor and outdoor users in the simulation of Chapter 7. 
This subject requires suitable three-dimensional propagation-models and chal­
lenging routing algorithms.
5. Examination of cross-correlation shadowing effect on the relaying system perfor­
mance. The cross-correlation property of the shadowing is expected to further 
decrease the probability of viable same-cell and promote other-cell relaying in 
densely urbanised environments. The implementation of three dimensional cross­
correlated shadowing, in conjunction with the indoor and outdoor user mobility 
suggested above, may be a challenging subject of study, following the work of 
Chapter 7.
6. Inclusion of BS antenna directivity gains for improved reliability of the path loss 
estimations in the simulation of Chapter 7.
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7, Examination of the relaying effect on the User Equipment (UE) battery life. 
The UE is benefitted from the reduced transmit powers (Chapter 6 and Chap­
ter 7), however the implementation of the routing algorithm requires additional 
signalling transmissions. Therefore, the UE power savings is considered an open 
issue.
8. Study of the algorithm signalling overhead. This is suggested because the thesis 
system-level simulation of Chapter 7 modelled only the data and pilot channels. 
However, a more thorough examination, which would take in consideration the 
routing algorithm requirements, could be a challenging subject of future work.
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